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Abstract 
 Combustible materials are increasingly being added to building external wall assemblies 
to enhance building characteristics such as aesthetics and energy efficiency.  The addition of 
combustible materials requires external wall assemblies here in the USA to pass NFPA 285, the 
multi-story building test.  Due to its high cost, NFPA 285 is not well suited for manufacturer 
optimization of external wall assemblies.  Using a previously designed intermediate scale fire 
test rig, the goal of this project was to assess the ability of the intermediate scale rig to simulate 
the source fire characteristics of NFPA 285.  The team worked on the assembly instrumentation 
needed to characterize the source fire plume (heat fluxes and temperature) in the rig and compare 
them to NFPA 285.  The team also worked on optimizing the insulation required to keep the rig 
at safe operating temperatures. 
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Introduction 
 The International Building Code (IBC) requires that external wall assemblies containing 
combustible materials be tested to meet certain criteria in terms of flame spread and temperature 
in accordance with NFPA testing standard 285 in order for these external wall assemblies to be 
implemented in buildings (IBC 2012 Sect. 2603.5.5).  NFPA 285 is a relatively large and 
expensive test so it is in the interest of the sponsor, Kreysler and Associates, to determine if an 
intermediate scale rig could be used as a baseline to test for the same flame spread and 
temperature limits as the full scale 285 test.  This would allow for preliminary tests to be 
conducted onsite prior to standard 285 testing as a more cost-effective approach (Ciampa, 
Forbes, and Kawalya, 2014).  The design process of our sponsor could therefore be optimized 
around fire tests on the intermediate scale rig allowing our sponsor to push the boundaries of 
architectural creativity while still meeting the safety requirements of the IBC.  
 Our primary goal, in order to determine if the intermediate scale rig would be able to be 
used as a baseline for evaluating exterior wall assemblies, was to design and implement the 
instrumentation for this intermediate scale rig to closely replicate NFPA 285.  While the 
intermediate scale rig was originally designed to be built with steel, it was built with aluminum 
because aluminum was lighter and more cost-effective.  Aluminum has a melting point of 650
o
C 
which is lower than some of the temperatures experienced in the 285 test (NFPA 2012).  As a 
result, our secondary goal was to determine the thickness of insulation required to protect 
different areas of the rig and to optimize the insulation for installation.   
Background 
IBC Report 
As part of our project, the team had to finalize a flowchart that detailed external 
assemblies and their construction requirements as described in the International Building Code 
(IBC). The flowchart was provided by Gert Guldentops from WPI's Architectural Engineering 
department. The team also wrote a short description for the users of the flowchart that clarifies 
its purpose and gives information regarding the IBC. The entire IBC report is located in 
Appendix B.  
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Exterior Assemblies 
 Combustible materials such as fiber-reinforced polymers (FRP) are being increasingly 
used in external wall assemblies to enhance building characteristics such as aesthetics and 
structural strength. Not only does FRP add to the structural integrity of an assembly, it also 
comes at a lower cost. "The combination of high-strength, high-stiffness structural fibers with 
low-cost, light-weight, environmentally resistant polymers resulted in composite materials with 
mechanical properties and durability better than either of the constituents alone" (Bakis, 2001). 
However, while FRP is easier to install and more cost-effective than other types of wall 
assemblies, the combustibility of such assemblies can allow for the propagation of flame along 
the wall (Kimball 2014).  The IBC states that FRP adhere to their overall requirements for 
exterior wall assemblies containing combustible materials. This includes the separation of the 
material from the building interior by a thermal barrier (IBC 2012 Sect. 2603.5.2), the material 
having an appropriate potential heat and flame spread index (IBC 2012 Sect. 2603.5.3, 2603.5.4), 
and most importantly, the FRP exhibits vertical and lateral flame propagation in accordance with 
NFPA 285 (IBC 2012 Sect. 2603.5.5). 
NFPA 285 
 The National Fire Protection Association (NFPA) created fire test 285 in order to test the 
potential for vertical and horizontal fire spread on the exterior of buildings.  The history of the 
development of NFPA 285 can be seen extensively in the appendix of this report. NFPA 285 
tests exterior non load barring cladding and the combustibility of the cladding. The test includes 
a large room with a source fire and a line burner to produce a flame source on the face of the 
wall being tested (National Fire Protection Association, 2012). If the flame exceeds ten feet or 
certain temperature readings exceed tolerances, then the test will fail.  
 NFPA 285 itself is a very large test; the testing wall can be as large as 14 feet wide by 18 
feet tall. Since NFPA 285 is such a large test it also is very costly. The test itself, including 
materials and labor, can cost up to $50,000 each test (Ciampa, Forbes, and Kawalya, 2014). If a 
company is testing a new assembly, this test could be very risky especially if it fails. In order to 
be able to test new assemblies in a cost effective manner, Kreysler and Associates along with 
Worcester Polytechnic Institute research groups have developed an intermediate scale rig in 
order to lower costs. 
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Intermediate Scale Rig 
 The intermediate scale rig was designed in accordance with the Design of an 
Intermediate Scale Fire Test Rig for Exterior Wall Assemblies by Ciampa, Forbes, and Kawalya.  
The main change that was made from their original design was the material.  Instead of building 
the intermediate scale rig with ASTM A500 Steel it was built with two aluminum alloys, 6061-
T6 and 6061-T6516.  These two alloys are essentially the same and they both have a melting 
point of 650
o
C (ASM). 
 The intermediate scale rig is designed to test wall specimen that are ten feet tall and four 
feet wide.  It consists of three main components: the torsion box, the back frame, and the side 
rails.  The intermediate scale rig is shown below.      
 
Figure 1 - Intermediate Scale Rig 
 The torsion box was designed to be able to support and distribute the weight of wall 
specimen ranging from 6 inches to 30 inches.  It also allows the burner to be placed below the 
wall specimen.  The back frame helps support wall specimens that are unable to support their 
own weight.  The side panels help simulate the same vertical flow of the fire produced by the 
window in the NFPA 285 test (Ciampa, Forbes, and Kawalya, 2014). 
The intermediate scale rig while being designed to replicate the NFPA 285 test on a 
smaller scale, as can be seen in the picture below, was also designed to be easily assembled with 
no tools, and fewer personnel than the large scale test.   
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Figure 2: Comparison between full scale and intermediate scale rig (Ciampa, Forbes, and Kawalya, 2014) 
Instrumentation Details 
Thermocouples 
Thermocouples used for our project were created by the MQP team. The thermocouples 
are very simple to make and reproduce for our project. Thermocouple wires were used and 
stripped at each end. One end is attached to a male adapter for data collection while the other end 
is twisted together and welded. The data received is the temperature at the welded point at the 
end of the thermocouple.  
Thin Skin Calorimeters 
In the NFPA 285 test, heat flux values must be presented using a calorimeter. For the 
purposes of the project it was necessary to use a low cost and time efficient device called a thin 
skin calorimeter. The thin skin is designed to capture temperature readings throughout a series of 
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known layers. With the thermal properties known throughout the layers, the thin skin can then be 
used to find the heat flux traveling throughout the thin skin (ASTM) (Alston, 2004).  More 
information on thin skin design and calibration can be found in Appendix C under Thin Skin 
Calorimeters. During the testing, six separate burn test were conducted. In the following chart, 
the flame height and heat release rate ranges can be seen for each burn.  
Table 1 - Burn Data 
Characteristics Burn 1 Burn 2 Burn 3 Burn 4 Burn 5 Burn 6 
Flame Height 4-8 feet 1-5 feet 2-4 feet 3-7 feet 2.5-4.5 feet 2-4 feet 
Heat Release  
Rate 
450-1150 kW 50-550 kW 125-300 kW 250-900 kW 225-530 kW 180-440 kW 
 
Insulation Details 
Reasons for insulation 
 As mentioned previously, the intermediate scale rig was built with aluminum that has a 
melting point of 650
o
C which is lower than the upper temperatures the intermediate scale rig will 
be subjected to (upwards of 800
o
C) during fire tests (NFPA 2012).  Insulation is therefore 
necessary to limit the temperatures the intermediate scale rig will be exposed to during fire tests.  
Final insulation details 
 While the melting temperature of the aluminum is 650
oC, its material properties are 
affected at significantly lower temperatures.  In order to limit the long term thermal effect on the 
intermediate scale rig the temperature was limited to 2/3 of the temperature of aging during 
manufacturing.  Since aging occurs approximately at 180
o
C our limiting temperature threshold 
was 120
o
C. 
 Cerablanket ceramic fiber blanket insulation and Type X gypsum board are to be used to 
insulate the rig.  Cerablanket was chosen due to its low thermal conductivity, easy installation, 
and its previous reliability in WPI’s fire laboratory (Thermal Ceramics 2015).  Gypsum board 
was chosen to facilitate the installation of the insulation.  Type X gypsum board was used for its 
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superior durability in fire-related applications compared to standard gypsum board (Manzello 
2008).   
 In order to determine the thickness of insulation required to limit the temperature of the 
aluminum to a maximum of 120
o
C, a stack of three 1 inch of Cerablanket insulation was tested 
under known heat fluxes of 25, 50, and 75 kW/m
2
 to determine the temperature at the back face 
of each layer over time.  The tests were run for 45 minutes, so that the team could learn the 
temperatures after 30 minutes (the length of NFPA 285) with a little extra time to better 
understand the heat flow.  The experimental test set-up and the 50 kW/m
2
 are shown below.   
 
Figure 3: Cone Calorimeter Test Setup 
Table 2: Cone Calorimeter 50 kW/m
2
 Experimental Results 
 
 
 40 kW/m
2
 is the highest heat flux allowed in NFPA 285 (National Fire Protection 
Association, 2012) and was therefore used as a baseline in our insulation analysis.  After 
conducting our experimental tests we created a finite difference model using the material 
properties provided by the manufacture and the results from the experimental tests.  The 
derivation for the finite difference model can be found in Appendix C under Finite Difference 
Model.  For our boundary conditions we used a thermocouple at the back face of the insulation 
and an energy balance at the first half node of the insulation.  The heat balance can be seen 
below in Equation 1.1 and 1.2.  
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?̇?𝑛𝑒𝑡
" = 𝜖?̇?𝑖
" − ?̇?𝑐𝑜𝑛𝑣
" − ?̇?𝑟𝑎𝑑
" − ?̇?𝑐𝑜𝑛𝑑
"  [1.1] 
 
Rewritten as the temperature at the next time step, 
 𝑇0
𝑖+1 = [𝜖?̇?𝑖
" − 𝜀𝜎 (𝑇0
4𝑖 − 𝑇∞
4 ) − ℎ𝑐𝑜𝑛𝑣(𝑇0
𝑖 − 𝑇∞) −
2𝑘
∆𝑥
(𝑇0
𝑖 − 𝑇1
𝑖)] ∗
𝑑𝑡
𝜌𝑐𝑝∆𝑥
+ 𝑇0
𝑖 [1.2] 
 
 Where the term 𝐢 + 𝟏 denotes the next timpestep and 𝐢 denotes the current timestep.  The 
equations used to calculate the temperature throughout the insulation was a finite difference 
method with governing equation 2.1 and discretized equation 2.2.   
𝜕𝑇
𝜕𝑡
= 𝛼
𝜕2𝑇
𝜕𝑥2
 [2.1] 
 
𝐹𝑜(𝑇𝑛−1
𝑖 − 2𝑇𝑛
𝑖 + 𝑇𝑛+1
𝑖 ) + 𝑇𝑛
𝑖 = 𝑇𝑛
𝑖+1 [2.2] 
 
Where 𝐅𝐨 =
𝛂𝐝𝐭
𝐝𝐱𝟐
  is the Fourier’s number and the subscript 𝐧 denotes the node in the finite 
difference model. 
The graphs below showcase our finite difference model against our experimental data using an 
incident heat flux of 50 kW/m
2
. 
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Figure 4: Finite Calculations vs Experimental 
 Once it was determined to be reasonable, the finite difference model was then used to 
determine the thickness of insulation required for different areas of the intermediate scale rig 
based on the heat fluxes determined in our maximum allowable fire scenario over a 30 minute 
period.  The maximum allowable fire scenario was based on the results from Burn 1 in which the 
fire was a full flame sheet from the bottom to the top of the wall as indicated in Table 1.  A heat 
flux map was created for the maximum allowable fire scenario from a combination of the heat 
fluxes found in Burn 1 and a simple two-dimensional viewpoint analysis on the side panels.  The 
two-dimensional viewpoint analysis was based on the assumption that the fire from the burner 
and side panel was a perpendicular plane with a common edge as seen in the picture below. 
 
Figure 5: Perpendicular planes with a common edge (Bergman 2011) 
The two equations used for this two dimensional analysis were as follows: 
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[3] 
 
?̇?" = 𝐹𝑖𝑗 ∗ 𝜀𝜎𝑇
4 
 
[4] 
𝜎 = 𝑠𝑡𝑒𝑓𝑎𝑛 𝑏𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 Assuming complete absorption by the insulation on the side panel, the emissivity (𝜀) was 
assumed to be 1.  First the temperature (𝑇) of the flame was found, at a specific height, using the 
known heat flux (?̇?") 3 inches off the wall from Burn 1 and the viewpoint factor 3 inches off the 
wall.  Using this temperature, the heat flux was found at that specific height 24 inches off the 
wall using the viewpoint factor 24 inches off the wall.  This analysis was used to determine the 
heat flux at every foot up the side wall 24 inches off the wall. 
 The heat flux map is shown below.  Two sets of heat fluxes are shown on the side panels.  
The set closest to the wall is 3 inches off the wall and the second set is 24 inches off the wall.  As 
you can see there is a significant drop in the heat fluxes farther up the wall and side panels.  The 
heat fluxes are also smaller further away horizontally from the fire. 
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Figure 6: Maximum Allowable Fire Scenario Heat Flux Map 
From the heat flux map, the experimental results and finite difference model were used to 
determine the thickness of insulation required to protect a specific area of the rig given the 
maximum allowable heat flux on that specific area. 
Red  = 50 kW/m2 and up 
Orange = 30–49 kW/m2 
Yellow = 10-29 kW/m2 
Gray  = 2 inch thickness of 
insulation 
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Figure 7 - Intermediate Scale Rig Design 
 C clamps are used to attach the gypsum board to the side walls. Pins mounted on the 
gypsum board panels are then used to mount the insulation.  Two layers of gypsum board are to 
be used to protect the back frame of the intermediate scale rig.  The torsion box will be protected 
by 3 inches of Cerablanket.  The side panels will be protected by a combination of 5/8 inch Type 
X gypsum board as mentioned above and 2 inches of Cerablanket.  A full explanation behind the 
required thicknesses based on the information above can be found in Appendix D.  A full 
description of the recommended installation of the insulation is described in Appendix E.  
Final Design of the intermediate scale rig 
 In order to achieve the same calibration data as NFPA 285, the team designed the 
instrumentation layout to be similar to that of NFPA 285. The following figure shows the final 
design of the intermediate scale rig. 
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Figure 8 - Instrumentation Design 
One major difference between our instrumentation layout and NFPA 285’s is that the 
thermocouples and thin skin calorimeters are offset from the centerline by a foot on each side. 
This was done in order to better understand the flame that is created in our channel created by the 
side walls. While has no purpose for the actual testing, it is a good way to characterize the flame 
to better understand it. 
The instruments are used as described in the instrumentation chapter. The instruments were 
placed in the prototype rig as shown below. 
13 
 
 
Figure 9 - Instrumentation Setup 
The thin skin holes are cut into the wall that is to be tested. The thin skins are then slid into the 
hole so that the metal plate is flush with the wall. Since the thin skin calorimeter is a sensitive 
instrument, insulation must be placed along the gaps between the device and the wall to achieve 
the most accurate reading possible. The thermocouples are wired through the wall like the thin 
skins but must be bent over the thin skins to obtain the temperature at that given point. If a 
thermocouple is not sharing a similar point with a thin skin calorimeter, then the thermocouple 
can just stick out of the wall the one inch that it needs to be. 
Rig calibration in comparison to NFPA285 
Mentioned previously in the instrumentation chapter, data was gathered and interpreted during 
each of the fire tests. In order to understand the data presented in this chapter, the data will be 
first interpreted using two dimensional plume theory to prove that the source fire is quasi two 
dimensional.  
Fire testing details 
The intermediate scale rig was not useable at the time of testing because our group needed to 
properly devise a way to protect the rig. Since we also needed to conduct testing, we developed 
and created the prototype rig. All of our testing information shown below and in the appendix is 
done on this prototype rig. This prototype rig is approximately the same as the intermediate scale 
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rig dimensionally. It was created using layers of type X gypsum board along with a layer of 
ceramic fiber board to protect the rig so many tests could be conducted. The instrumentation 
layout and placement was similar to the intermediate scale rig shown in the previous chapter.  
Two Dimensional Plume Theory 
In order to properly understand the characteristics of the flame in the prototype rig, we studied 
two dimensional plume theory. In order to utilize the two dimensional plume theory, a paper 
produce by Li-Ming Yuan and G. Cox was analyzed to better understand the theory (Yuan & 
Cox, 1996). This plume theory proves that our flame is nominally two dimensional if it is proved 
to be true. In order to implement the theory, we found the proper heat release rate of our fuel 
(propane) and the flame height at each heat release rate. The two dimensional plume theory 
equation can be seen below.  
∆𝑇 = 𝐵(
𝑍
𝑄′̇
2
3⁄
)(2𝑛−1) [5] 
In Equation 5 shown above, there are many important variables. The ?̇?′ is the heat release rate 
per unit length of the source fire which is, calculated from the fuel, and the z is the height above 
the flame source. The temperature (T) represents the temperature at the point being referred to, 
which is at a height z. The B and n constants are related to the flame height (L) by Table 3. 
Table 3 - Two Dimensional Plume Theory 
Two Dimensional Plume Theory  Modified Two Dimensional Plume Theory 
Ratio Type of Region B n Ratio Type of 
Region 
B n 
6 ≥
𝑧
𝐿
≥ 1 Thermal Plume 7.2 0 6 ≥
𝑧
𝐿
≥ 1.25 Thermal 
Plume 
9 0 
1 ≥
𝑧
𝐿
≥
1
2
 
Intermittent 
Flame 
11.8 0 1.25 ≥
𝑧
𝐿
≥ .75 Intermittent 
Flame 
10 0 
1
2
≥
𝑧
𝐿
 
Continuous 
Flame 
898 1/2 . 75 ≥
𝑧
𝐿
 
Continuous 
Flame 
780 1/2 
 
The plume theory we loosely based our calculations on is based on a line fire in open space. We 
expect differences in the theoretical temperatures but expect similar trends in the data. In the 
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graph below, it is obvious that a similar trend can be seen but differences in the theory are 
obvious.  
 
Figure 10 - Two Dimensional Plume Theory Example 
Since we want to prove that a two dimensional plume is apparent in our prototype rig, the next 
step is to modify the theory used before. Since our source fire is in a channel and against a wall, 
it is reasonable hypothesis to believe that the theory may only fit flames in an open space (as in 
the Yuan and Cox paper). The full procedure can be seen in the appendix that includes specific 
bounds and assumptions changed.  The exact constants modified can be seen on the right side of 
Table 3. In the following chart we can see the modified theoretical data graphed with the actual 
data of many test runs.  
 
Figure 11 - Plume Theory Data 
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Since the data is not majorly changed from the new modified theory, we can still assume a two 
dimensional plume within our prototype rig. The prototype rig is extremely similar to the 
intermediate scale rig so it is reasonable to assume that the intermediate skill rig will also be 
subject to the two dimensional flame.  
The data offset from the centerline can be analyzed to compare the average flame temperature of 
the centerline data against the temperature found at these offset points. The following figure 
shows an example of how the temperature varies relatively minimally for the testing. 
 
Figure 12 - Vertical Data Comparison 
Comparison to NFPA 285 
One of the major goals of our project is to design our instrumentation in accordance to NFPA 
285. While the other MQP group was focused on modifying the burner to achieve specific 
temperatures, we are more interested in the overall trend of temperature and heat fluxes in order 
to show that our instrumentation is similar to NFPA 285. Throughout the testing on the prototype 
rig, we used many different volumetric flow rates to attempt to match the temperatures and heat 
flux data with the calibration data in NFPA 285. The following graphs show the temperature 
versus normalized height of each test that had acceptable data. The tests that had acceptable data 
include burn two, three and four. 
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Figure 13 - Temperature Comparison 
The overall trend of the testing and NFPA 285 data show that our prototype rig can match the 
calibration temperatures found in NFPA 285. In the following graph, the heat flux versus the 
normalized height can be observed. 
 
Figure 14 - Heat Flux Comparison 
As concluded by the temperature graph, the same can be said with heat flux. The trend in the 
data shows that our prototype rig can emulate the calibration data of NFPA 285. One major 
difference can be noticed in each graph, that the NFPA 285 data actually is lower at the first foot 
measurement compared to the second foot measurement. This is due to the natural plume from 
the interior flame created in NFPA 285 that moves outward when it is exits the window. When 
the plume then is assisted by the line burner, it moves back onto the face of the assembly. This 
gap that is created is right over the first instrument. This is why the first set of instruments are 
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impossible to replicate on our rig without the interior fire. Other than that one point, the rest of 
the data collected closely represents NFPA 285. 
Since the prototype rig is similar to the intermediate scale rig, it can be concluded that we should 
see the same results in the intermediate scale rig. This allows our group to conclude that the 
intermediate scale rig, when paired with precise burner usage, will yield the same results as 
NFPA 285. 
Conclusion  
 
 The intermediate scale rig test with the slot burner has shown to produce similar 
temperatures and heat fluxes to the full scale NFPA 285 test.  While more tests are 
recommended, the intermediate scale tests yielded promising results on the prototype rig.  
Continued testing will allow for even closer mapping of the NFPA 285 calibration temperatures 
and heat fluxes on the intermediate scale rig. Through the study of experimental data from burns 
and the cone calorimeter, the intermediate scale rig is safe to operate if it is insulated as 
described in our report.  
Recommendations 
The MQP group developed many recommendations for the fully designed intermediate scale rig. 
These recommendations can be seen below. 
Assembly of the intermediate scale rig for each burn 
In order to use the intermediate scale rig for the purpose it was intended, many steps must be 
taken to properly set it up the wall. 
1. Place the specimen to be tested on the torsion box at the desired distance from the back 
wall. 
2. Assemble the side panels properly in the rig. 
3. Insulate the rig as described in the insulation section.  See Appendix E for additional 
details. 
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Insulation and Instrumentation Setup 
The insulation and instrumentation should be set-up similarly to what was described in this 
report. The insulation must cover all exposed parts of the rig and the instrumentation must be in 
accordance to our specific design. 
Burner Placement 
In order to receive the greatest accuracy in the data from each test, we recommend that the 
burner be placed one to three inches offset from the testing wall. 
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Appendix B 
Background literature 
NFPA 285 
The National Fire Protection Association (NFPA) created fire test 285 in order to stop the 
potential for vertical and horizontal fire spread on the exterior of buildings.  In the 1970’s foam 
plastic was proposed to be used for exterior wall insulating.  The insulation was combustible and 
did not meet the requirements of the building codes.  Foam plastic insulation would increase 
energy efficiency in buildings but because it did not meet the requirements for the building codes 
it was rejected as an idea.  The Society of the Plastics Industry (SPI) met with fire officials and 
asked what had to be done to show that foam plastic insulation was not a fire hazard.  The 
plastics group was told to create a test that proved that a wall with foam plastic insulation that 
was on fire would not allow the fire to spread too far horizontally or vertically.  An outdoor test 
was adopted in 1988 by the Uniform Building Code (UBC) but due to expenses and weather 
dependence another test was adopted in 1992 which allowed the test to be conducted indoors.  
The indoor test was submitted to the NFPA and was published as the NFPA 285 fire test in 1998. 
The newest version of NFPA 285 was created in 2012 and is used to prevent flames from 
spreading vertically or horizontally from an open window on the exterior of a wall.  The full 
scale test required by NFPA requires a setup according Figure 1.  This apparatus is used to hold  
 
Figure 15 - NFPA Testing Rig 
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up the exterior  wall and is made of mostly concrete so the fire does not damage it.  The rig must 
have three permanent walls constructed of 8 in concrete block or equivalent construction.  The 
interior of the first-story test room must have its walls and ceiling covered with one layer of 5/8 
in thick Type X gypsum wallboard conforming to the ASTM standard for gypsum board.  They 
must also be covered by one layer of 1.5 in thick 8 lb/ft
3
 density ceramic fiber insulation on the 
interior.  Insulation is not required for the second-story test room.  Each story on the rig must 
have one access opening approximately 3.5 ft wide x 6.75 ft high.  The first-story access shall be 
located in one of the side walls while the second-story access shall be located in the rear wall of 
the test room.  In addition, the first-story access shall be capable of being closed during the fire 
test.  Any additional access openings for instrumentation or video recording may be created in 
the second-story test room.   
The test specimen shall be constructed so that it can mount to the front face of the testing rig.  
The testing specimen can be mounted as show in Figure 2.  The test specimen must completely  
 
Figure 16 Test Specimen Mounting 
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cover the front face of the rig and have a widow opening above the top of the first-story test 
room bottom slab.  The window must be 30 in ± 0.5 in high x 78 in ± 0.5 in wide with a sill 
height of 30 in ± 0.5 in above the bottom slab.  The rig must have two burners, one placed inside 
the first-story test room and the other placed near the top of the first-story window opening of the 
test rig. 
Using the figure shown below on the full scale fire test, we know that our temperature readings 
should be taken at the exterior walls for the test specimen. Temperature measurements would 
also be taken in the combustible insulation in the exterior wall panel in the test specimen along 
with all air cavity space inside of it. Temperature measurements should be taken in all wall 
cavity insulation, the interior surface of the test specimen and below the first story test room 
ceiling. All locations are shown below in the figures. Each burner should have gas flow meters. 
Each thermocouple should be 20-gauge type K thermocouples for most test locations. 
 
Figure 17 Thermocouple Placement 
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For the calibration, the test specimen should be constructed from two layers of 5/8 inch thick 
type X gypsum board applied to both sides of 18-guage steel studs spaced 24 inches to the 
center. The test specimen should be at least 18 feet tall and 14 feet wide. The perimeter of the 
window should be covered with the gypsum board mentioned above.  The test wall is then 
ignited using the two burners and readings are taken from the thermocouples and heat flux 
measurers.  The measurements must comply with Figure 4 and can be within 10% of the values.  
Calibration must be performed, 1) Prior to first wall assembly test, 2) When significant changes 
are made to the gas flow system, 3) Within one year prior to the test of an actual product wall 
assembly, 4) When the ceramic blankets covering more than 50% of the wall or ceiling surface 
in the burn room are replaced.  
The final test must have the proper data collectors and video recording, which must start no less 
than one minute prior to ignition of the burner.  The data and recording are to be continued until 
residual burning has stopped.  Data is to be collected at intervals no more than 15 seconds.  
Visual observations such as pictures or video are to be taken prior to, during, and after the test.  
After the test has concluded the test specimen shall be dismantled and dissected to determine the 
extent and the depth of damage within the combustible components and the condition of the test 
specimen’s exterior wall panel facings.   
Figure 18 Calibration Numbers 
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IBC Report 
In order to use the International Building Code (IBC) in a more manageable fashion, we 
have, with the help of Professor Dembsey and Dr. Gert Guldentops of the Architectural 
Engineering Department at WPI, created a flowchart that walks through certain requirements 
regarding the design and use of exterior assemblies. This document provides brief background 
information on the International Building Code as well as exterior assemblies in order to make 
the flowchart useful for all parties.  
The International Building Code is a document created by experts in the field of safety 
and hazards in construction. The most recent version of the building code was produced in 2012 
and consists of "code regulations that safeguard the public health and safety in all communities, 
large and small” (International Building Code, 2012). The building code regulates construction 
through 35 different sections, each pertaining to a different aspect of the construction process. 
The sections that this flowchart deals with are section 14, Exterior Walls, and Section 26, Plastic. 
Rather than deciphering the International Building Code to determine if a particular external 
assembly is up to par in regards to construction standards, this flowchart asks the designer a 
series of questions that go into detail relative to the IBC requirements.  
The flowchart focuses on exterior assemblies. There is no one exterior assembly that is 
standard, but rather there are a multitude of assemblies that can include different materials and 
different designs, as long as they fit the requirements of the IBC. For example, one external 
assembly can be completely made of wood, while another can be completely made of Fibre 
Reinforced Polymer (FRP). Some external assemblies happen to be made of both plastics and 
wood, but no matter what they are made of they must meet the requirements of the IBC. The 
following flowchart allows the user to determine if their exterior assembly is acceptable to the 
IBC standards. 
The flowchart contains a series of numbered sections that help the reader understand their 
assembly and whether or not it is acceptable. Arrows indicating yes or no are connected to the 
numbered sections and they are to be followed, respectively, depending on if the requirements 
are met or not. There are two main divisions of the flowchart, one for Type I-IV construction, 
and one for Type V construction. Section number two will lead the reader to the correct division 
depending on their construction type. (If the construction type is unknown, Table 503 of the IBC 
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will provide appropriate details for determining construction type). Designers should begin the 
flowchart process with section number one and continue through the appropriate sections.  
The flowchart is color-coded by external assembly type. Sections one through six should 
be viewed by every designer, regardless of the material. From then on, the designer can jump 
from section to section based on the color that their material represents. A detailed color key can 
be found later on in this document. Designers should be aware however, that they are subject to 
not only reading the colored sections pertaining to their material. If a white section occurs after 
the colored section that the designer has interest in, it must be read because it might contain 
valuable information that pertains to all types of exterior assemblies. From then on the basics of 
the flowchart take over and the reader will be directed through to the end by the designation in 
the numbered sections.  
In the flowchart there are dotted lines surrounding certain sections. These dotted lines 
represent the separate sections or chapters of the IBC where the enclosed information can be 
found. Therefore if you find a dotted line surrounding a set of sections in the flowchart, the 
corresponding IBC section number (e.g. 2603.5) can be found inside the dotted lines. They are 
simply in place for reference back to the IBC. 
Abbreviations and Definitions of Common Terms 
FP = Foam Plastic Insulation*: A plastic that is intentionally expanded by the use of a foaming 
agent to produce a reduced-density plastic containing voids consisting of open or closed cells 
distributed throughout the plastic for thermal insulating or acoustical purposes and that has a 
density less than 20 pounds per cubic foot (pcf) (320 kg/m3). 
FRP = Fiber Reinforced Polymer*: A polymeric composite material consisting of 
reinforcement fibers, such as glass, impregnated with a fiber-binding polymer which is then 
molded and hardened. Fiber-reinforced polymers are permitted to contain cores laminated 
between fiber-reinforced polymer facings. 
FSI = Flame Spread Index*: A comparative measure, expressed as a dimensionless number, 
derived from visual measurements of the spread of flame versus time for a material tested in 
accordance with ASTM E 84 or UL 723. 
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CRS = Corrosion Resitive Steel*: Steel that has the ability to withstand deterioration of its 
surface or its properties when exposed to its environment. 
ASS = Automatic Sprinkler System*: An automatic sprinkler system, for fire protection 
purposes, is an integrated system of underground and overhead piping designed in accordance 
with fire protection engineering standards. 
PVC = Polyvinylchloride**: A synthetic thermoplastic material made by polymerizing vinyl 
chloride. 
PP = Polypropylene**: a plastic polymer used chiefly for molded parts, electrical insulation, 
packaging, and fibers for wearing apparel. 
SDI = Smoke Developing Index 
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Insulation 
 Insulation is used to reduce the amount of heat flow.  For example, it is often used in the 
external walls of buildings to keep the warm air within the structure and the cooler air out.  It is 
often used in fire applications to reduce the heat of the flame on the surrounding objects. 
Background material rig 
 While originally designed to be made out of steel, the rig was built out of aluminum 
6061-T6 because it was lighter and more cost-effective.  Aluminum 6061-T6 has a melting 
temperature of 650
o
C which is lower than the upper temperatures the rig would be exposed to 
(upwards of 800
o
C) as shown from our fire tests on our practice wall.  Insulation is therefore 
required to reduce the temperatures the aluminum rig will be exposed to during fire tests. 
Appendix C 
Development of Rig Instruments 
Many different instruments were studied to prepare our group for testing. While we mainly used 
thermocouples and thin skin calorimeters, other instruments are also described below. 
Robust Bidirectional Velocity Probe 
Pitot Tubes 
The role of fire protection engineers begins with understanding the characteristics of a fire so 
that they can accurately design a fire suppression system, create a life safety plan for a building, 
or even predict how the fire will spread. One of the most important characteristics for engineers 
to know is the velocity of the gases emanating from certain fires, which directly controls air 
entrainment into the fire plume. Typical fluid mechanics problems of the same nature are 
completed with the help of Pitot tubes, which are small tubes that calculate the pressure 
differential of a flow using the basics of the Bernoulli Equation. “The Pitot tube measures air 
velocity directly by means of a pressure transducer which generates an electrical signal which is 
proportional to the difference between the pressure generated by the total pressure and the still 
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air (static pressure)” (Klopfenstein Jr, 1998). This ease of functionality available with a Pitot 
tube makes it very useful when determining fluid flow.  
There are however a few downfalls of the Pitot tube which make it less than ideal for use in 
determining the velocity of the gases of a fire. For instance, Pitot tubes generally are made out of 
skinny, L-shaped tubes that measure velocity flow in one direction. If used in a fire, the small 
diameter size of Pitot tubes creates buildup of soot particles and therefore impedes the flow of 
gas through the tube. Also, since Pitot tubes can only measure the flow of a fluid in one 
direction, they aren’t practical for use in fire scenarios because the direction of a fire flow can 
change at any second and realigning them to the correct flow field is impossible if a fire is 
present.  
Bidirectional Probes 
It was for these reasons that Bernard J. McCaffrey and Gunnar Heskestad introduced the 
Bidirectional Probe to the world of Fire Protection Engineering in 1975 (McCaffrey, 1976). 
Their report on the basics of Bidirectional Probes discusses the key aspects that set Bidirectional 
Probes aside from other tools in the field of velocity measurement. “This new device possess two 
features ideally suited for application in fire research, in addition to being as rugged as a stainless 
steel pitot-static tube: angular sensitivity, which allows a more accurate assessment of velocity 
where flow angles are difficult to predict; and secondly, owing to its symmetric nature, the probe 
responds to flow in either direction”. It is clear that the development of a bidirectional probe was 
due to the downfalls of a pitot tube. The bidirectional probe meets the requirements of measuring 
low-velocity fire flow and is therefore a common tool used today by fire researchers. 
Development 
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Figure 19 Bidirectional Probe, (McCaffrey, 1976)                      Figure 20 Glass Coated Probe, (Kent, 
1987) 
McCaffrey and Heskestad provide a diagram of the early design of a bidirectional probe (figure 
1) which is essentially the same design used today. The probe consists of a short piece of 
stainless steel tubing with dimensions of Length = 2*Diameter. Using stainless steel ensures that 
the tube will not be warped or melted by the present flame due to the high melting point of the 
material. The dimensions of the probe allow for sufficient room for the fluid to flow through 
without being hindered by the buildup of soot particles. Figure 2 shows a used bidirectional 
probe that is coated in a glass film to protect against mechanical failure due to the deterioration 
from oxidization. Two pressure taps are drilled into the top of the stainless steel tube. 
Measuring Pressure and Velocity 
The two pressure taps drilled into the probe are described by McCaffrey and Heskestad as “two 
taps drilled close to and on either side of the diaphragm. The tube axis is aligned with the flow, 
the upstream tap sensing the stagnation pressure, the downstream tap sensing a pressure slightly 
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less than static” (McCaffrey, 1976). As they mention, the reason for the two taps are to measure 
stagnation pressure and static pressure. By measuring pressure in these two taps, the 
Bidirectional probe is able to use Bernoulli’s Equation to determine the velocity of the gas flow. 
Bernoulli’s equation states: 
 
[6] 
 
Pe is a point far upstream and P0 is the stagnation point. Since the velocity at the stagnation point 
is zero, Bernoulli’s equation then becomes: 
 
[6.1] 
 
The bidirectional probe measures the stagnation pressure on one side, and uses the diaphragm in 
the middle of the probe to block the flow of gas and allow the other side to measure static 
pressure. The temperature of the gas should be measured as close to the probe as possible in 
order to gain the density of the fluid. After the density is known, a pressure transducer measures 
the change in pressure and the velocity can be determined through the use of the equation: 
𝑣 = √
2∆𝑃
𝜌
 [7] 
 
Calibration 
Just like any other device taking scientific measurements, the bidirectional probe needs to be 
calibrated. This is done by finding the calibration constant of the probe. The equation for the 
constant is once again directly related to Bernoulli’s Equation, it states: 
𝐶 =
√
2∆𝑃
𝜌
𝑣
 
[8] 
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The data output is presented “in terms of the square root of the ratio of the indicated pressure 
head to the velocity head plotted against Reynolds number, the asymptotic value (large Re) being 
about 1.08 versus 1.0 for a pitot-static tube” (McCaffrey, 1976). The calibration is done at 
Reynolds numbers that are typical of the fire size being measured. Wind tunnels are often used to 
calibrate bidirectional probes because they offer a safer and similar scenario of a fire. Plotting the 
Reynolds number versus the square root of the change in pressure divided by the density all 
divided by the velocity, the uncertainty of the probe can be plotted for each Reynolds number. 
Ideally the calibration constant would be equal to one, but often it is not and McCaffrey and 
Heskestad suggest that the representation of the data shown below is accurate for 40<Re<3800 to 
about 5% (McCaffrey, 1976). 
 
Figure 21 Reynolds Number vs. Calibration Constant, (McCaffrey, 1976). 
Once the calibration constant is found, the bidirectional probe can be used to calculate data in 
actual fire tests.  
We are using the Px277-0.1 D5V 0 to .1 model pressure transducer for our data since we plan to 
only experience about 10 m/s velocities within the fire. The switches on the pressure transducer 
had to be altered to match manufacturer's setting for bi-directional functionality. They are then 
connected to tubes which capture the flow from the bi-directional probes.  
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Thermocouples 
Thermocouples are used to measure temperatures by utilizing two dissimilar conductors that are 
connected, usually by a weld, at one or more sports.  The connected area is called the hot 
junction, while the other side that is not connected is called the cold junction.  When the 
temperature differs from the hot junction to the cold junction a voltage.  Thermocouples can be 
created with any two dissimilar metals, but are usually created with specific alloys that have 
predictable and repeatable relationships between voltage and temperature.  Different 
combinations of alloys are used for a wide variety of temperature ranges.  One of the most 
common thermocouples is the type K thermocouple, which uses two different nickel alloys with 
a sensitivity of 41 µV/°C.   
To obtain the measurement for the temperature at the hot junction there has to be a reference 
temperature.  There are two common ways of achieving this, one is using the ice bath method 
and the other is utilizing a reference junction thermometer.  For the first method, the ice bath, the 
reference junction is immersed in a bath of distilled water that is as close to 0 °C as possible.  
This method is seen as inconvenient compared to the reference junction thermometer.  The 
second method uses a thermometer at the reference junction which can vary depending on the 
surrounding temperature.  This reference juncture is present in most temperature meters that 
accept thermocouples.   
Thin Skin Calorimeters 
Thin skin calorimeters are a type of thermocouple that are used to measure heat flux. The 
calorimeter is created by fixing (usually by soldering or welding) two thermocouples wires to a 
steel or similar metal plate.  The plate is then attached to a substrate that may be layered to have 
thermocouples placed at depth. The substrate is used to calibrate a model to record a heat flux 
using an energy balance for the metal plate.  Details about the calibration can be found later on in 
the Thin Skin Calibration section.  For our experiment we placed the thin skins in a wall such 
that the plate was even with the wall.  The calorimeter is used to measure one dimension heat 
flux through the calorimeter.  The following sections cover heat transfer equations for using a 
thin skin calorimeter. 
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Heat Transfer 
The purpose of a thin skin calorimeter is to measure an incident heat flux.  Incident heat flux is 
the sum of the incoming radiation and convection.  It does not include outgoing radiation.  The 
energy balance for the plate can be written as: 
?̇?𝑛𝑒𝑡
" = ?̇?𝑖
" − ?̇?𝑙𝑜𝑠𝑠
"  [9] 
 
Where ?̇?𝑖
" is the incident heat flux and ?̇?𝑙𝑜𝑠𝑠
"  is the losses from the plate to its surroundings. The 
losses can be summarized as: 
?̇?𝑙𝑜𝑠𝑠
" = ?̇?"𝑐𝑜𝑛𝑣 − ?̇?"𝑟𝑎𝑑 − ?̇?"𝑐𝑜𝑛𝑑 [10] 
 
Where ?̇?"𝑐𝑜𝑛𝑣 is the convective losses to the surroundings; ?̇?"𝑟𝑎𝑑 is the radiative losses to the 
surroundings; and ?̇?"𝑐𝑜𝑛𝑑 is the conductive losses which for our thin skin calibration model will 
be modeled as a contact conductance between the plate and the substrate.  In order for us to be 
able to use these equations we are assuming that the plate is a lumped sum and considered 
thermally thin.  This allows us to assume Newtonian cooling and also allows us to use a heat 
transfer coefficient for the contact conductance.  Below is the validation for the plate being a 
lumped sum. 
Lumped Sum Analysis 
The criteria for being considered thermally thin, or a lumped sum, is to have a Biot number less 
than 0.1.  The Biot number is a dimensionless parameter that can be written as: 
𝐵𝑖 =
ℎ𝑙
𝑘
 
Where ℎ is the heat transfer coefficient, 𝑙 is the characteristic dimension, and 𝑘 is the thermal 
conductivity of the material.  For the thin skin plate we will need a combined radiative and 
convective heat transfer coefficient, ℎ𝑡𝑜𝑡𝑎𝑙.  Below are the properties used for the thin skin plate 
and the air for the lumped sum analysis. 
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Table 4 - Properties of Thin-skin Plate 
Plate Properties Values 
Length .0508 m 
Width .0508 m 
Thickness 1.6*10
-3
 m 
Conductivity 21.5 w/m*K 
Density 8000 kg/m
3
 
Specific Heat 500 J/kg*K 
 
Table 5 Properties of Air used in Calculations 
Air Properties Values 
Density 0.4975 kg/m
3
 
Specific Heat 1.075 J/K 
Alpha 98*10
-6
 m
2
/s 
Kinematic 
Viscosity 68.1*10
-6
 m
2
/s 
Beta 1.49*10
-3
 1/K 
Conductivity 0.027 W/m
2
K 
 
Convective Heat Transfer Coefficient 
In order to find our convective heat transfer coefficient, ℎ𝑐𝑜𝑛𝑣, we must use the Rayleigh’s 
number equation shown below: 
𝑅𝑎𝐿 = 𝐺𝑟𝐿𝑃𝑟 =
𝑔𝛽(𝑇𝑇𝑆𝐶 − 𝑇∞)𝐿
3
𝜐𝛼
 
Using our givens from the table above for air and assuming the temperature of the thin skin is 
800 K and the ambient air temperature is 293 K, we obtain a Rayleigh’s number of 5.55*108. 
The 𝐿 in the Rayleigh’s equation is a characteristic length, which for a horizontal plate for free 
convection can be assumed as 𝐿 =
𝐴
𝑃
, where  𝐴 is the area and 𝑃 is the perimeter of the plate.  We 
now use the Nusselt number formula for a horizontal plate shown below. We use the horizontal 
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plate formula for free convection because we will be calibrating the thin skin in a cone 
calorimeter in a horizontal fashion. This exact equation (of the two) is chosen because our 
Rayleigh’s number falls between the number range in the parenthesis. 
𝑁𝑢𝐿̅̅ ̅̅ ̅̅ = 0.54𝑅𝑎𝐿
1/4
 (104 ≤ 𝑅𝑎𝐿 ≤ 10
7, 𝑃𝑟 ≥ 0.7) 
We solve this out to find a Nusselt number of 89. Now we use the Nusselt number formula of:  
𝑁𝑢𝐿̅̅ ̅̅ ̅̅ =
ℎ̅𝑐𝑜𝑛𝑣𝐿
𝑘
 
Where 𝐿 is the characteristic length used for the Rayleigh’s number and the thermal conductivity 
is of the air. Solving for ℎ𝑐𝑜𝑛𝑣we get a value of 18.5 W/m
2
K. This value will be used in our next 
section. 
Radiative Heat Transfer Coefficient 
In order for us to find a radiative heat transfer coefficient we must first find a reasonable 
temperature for the surface of our thin skin.   For our convective heat transfer coefficient we 
assumed a temperature of 800 K.  We can also validate that the surface temperature of our thin 
skin using an incident heat flux of 35kW/m
2
 using the equations below.  35kW/m
2
 was chosen 
due to the fact that it is a reasonable value for Fire Protection uses. 
Using the basic heat transfer definition that: 
𝑞 = ∫ 𝑞"𝑑𝐴𝑠 [11] 
 
The equation can be simplified by using Newton’s law of cooling, 
𝑞 = (𝑇𝑇𝑆𝐶 − 𝑇∞) ∫ ℎ𝑑𝐴𝑠 [11.1] 
 
To find the total heat transfer rate, the equation above can be simplified to;   
𝑞 = ℎ̅𝐴𝑠(𝑇𝑇𝑆𝐶 − 𝑇∞) [11.2] 
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For our purposes, we will be writing all of our heat transfer rates as heat fluxes, simplifying our 
equation above to the following. 
?̇?𝑐𝑜𝑛𝑣
" = ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞) [11.3] 
 
This gives us the convective term in our thin skin heat transfer model. 
To find our radiative term, similar steps can be followed. An assumption we will make is that our 
plate acts as a black body. We first start with the general formula that defines the rate of 
radiation which leaves a surface (1) and is absorbed by a surface (2). 
𝑞1→2 = 𝐴1𝐽1𝐹12 [12] 
 
Since the plate is a black body, 𝐽1 = 𝐸1, so we can rewrite our formula as: 
𝑞1→2 = 𝐴1𝐸1𝐹12 [12.1] 
 
The net radiation from one surface to another is defined as: 
𝑞1−2 = 𝑞1→2 − 𝑞2→1 [12.2] 
 
This can be expressed using our formulas above. 
𝑞1−2 = 𝐴1𝐸1𝐹12 − 𝐴2𝐸2𝐹21 [12.3] 
 
Where A is the area and F is the view factor.  Using view factor relations (𝐴1𝐹12 = 𝐴2𝐹21) and 
the Stefan-Boltzmann Law (𝐸 = 𝜎𝑇4) we obtain our heat transfer equation below. 
𝑞12 = 𝐴1𝐹12𝜎(𝑇1
4 − 𝑇2
4) [12.4] 
 
For the usage for our project, we will assume a view factor and emissivity of 1 and solve the 
equation for heat flux. We may write that: 
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?̇?𝑟𝑎𝑑
" =  𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4 ) [12.5] 
 
Now we may start to use our heat flux calculations by using the following equations. We know 
from basic heat transfer that the total heat flux is the incidental heat flux subtracted by the losses 
from radiation and convection. 
?̇?𝑛𝑒𝑡
" = ?̇?𝑖
" − ?̇?𝑟𝑎𝑑
" − ?̇?𝑐𝑜𝑛𝑣
"  [13] 
 
This can be simplified to: 
?̇?𝑛𝑒𝑡
" = ?̇?𝑖
" − 𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4 ) − ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞) [13.1] 
 
From equation 13.1, we know all of the variables except our net heat flux and surface 
temperature. To be able to solve for the surface temperature, we can assume our plate is at a 
maximum heat transfer state where the net heat flux is at zero. Now we solve the equation with 
some our assumptions that ?̇?𝑖
" = 35 kW/m2, ambient air temperature = 293 K and a convective 
heat transfer coefficient of 18.5 W/m
2
 K. The heat transfer coefficient of 18.5 W/m
2
 K was 
calculated in the previous section. Solving the above equation, a value of 820 K at the surface of 
our plate is obtained, which is fairly close to our assumption of 800 K in the previous section. 
Now the value for the temperature of the plate is inserted into an equation that expresses the heat 
flux of radiation while using a Newtonian heat transfer coefficient. We can express the radiative 
term and use a similar representative term to show the radiative heat transfer coefficient. 
?̇?𝑛𝑒𝑡−𝑟𝑎𝑑
" = ?̇?𝑖
" − 𝜎𝑇𝑇𝑆𝐶
4 = ℎ𝑟𝑎𝑑(𝑇𝑇𝑆𝐶 − 𝑇∞) [14] 
 
Solving equation 14 for ℎ𝑟𝑎𝑑 we find a heat transfer coefficient term of 17.7 W/m
2
 K.  
Another method of finding the radiative heat transfer coefficient is using the Runge-Kutta Fourth 
Order method (RK4) used in advanced heat transfer. In the RK4 method we use the following 
equation to express our net heat flux.  
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𝜌𝑐𝑝𝑑𝑥
𝑑𝑇
𝑑𝑡
= ?̇?𝑛𝑒𝑡
" = ?̇?𝑖
" − 𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4) − ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞) [15] 
 
Using the RK4 method to discretize the ordinary differential equation, we can use the following 
formulas to find the slope at varying intervals. 
𝑘1𝑑𝑇 =
𝑑𝑡
𝜌𝑐𝑝𝑑𝑥
[?̇?𝑖
" − 𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4 ) − ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞)] [15.1] 
 
𝑘2𝑑𝑇 =
𝑑𝑡
𝜌𝑐𝑝𝑑𝑥
[?̇?𝑖
" + 0.5𝑑𝑡 − 𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4 + 0.5𝑘1𝑑𝑇) − ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞ + 0.5𝑘1𝑑𝑇)] [15.2] 
 
𝑘3𝑑𝑇 =
𝑑𝑡
𝜌𝑐𝑝𝑑𝑥
[?̇?𝑖
" + 0.5𝑑𝑡 − 𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4 + 0.5𝑘2𝑑𝑇) − ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞ + 0.5𝑘2𝑑𝑇)] [15.3] 
 
𝑘4𝑑𝑇 =
𝑑𝑡
𝜌𝑐𝑝𝑑𝑥
[?̇?𝑖
" + 𝑑𝑡 − 𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4 + 𝑘3𝑑𝑇) − ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞ + 𝑘3𝑑𝑇)] [15.4] 
 
Using the values 𝑘1, 𝑘2, 𝑘3, and 𝑘4 found using equations 15.1-15.4 we can find the temperature 
at the next time step as  
𝑇𝑖 =
𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4
6
+ 𝑇𝑖−1 [16] 
 
Where 𝑇𝑖 is the temperature at the next timestep and 𝑇𝑖−1 temperature at the previous timestep.  
After 400 iterations using the RK4 method in excel, we obtain a convergence for the surface 
temperature around 820 K which can be seen in the graph below. 
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Figure 22 - Runge-Kutta Fourth Order Method Temperature Graph 
 Using equation 14 again we obtain an ℎ𝑟𝑎𝑑 of 17.7 W/m
2
 K.  
Both of these methods give us very good approximations to the radiative heat transfer 
coefficient.  
Biot Number Proof 
After finding our radiative and convective heat transfer coefficients we can finally prove that the 
plate for our thin skin calorimeter is considered a lumped sum.  Our total heat transfer coefficient 
is calculated from: 
ℎ𝑡𝑜𝑡𝑎𝑙 = ℎ𝑐𝑜𝑛𝑣 + ℎ𝑟𝑎𝑑 
From this we obtain a total heat transfer coefficient of 36.2 W/m
2
 K. To show that the plate is 
thermally thin, the Biot number must be less than 0.1,  
𝐵𝑖 =
ℎ𝑡𝑜𝑡𝑎𝑙𝑙
𝑘
 
Where 𝑙 is the characteristic dimension of the plate, which for our case is the thickness, and 𝑘 is 
the thermal conductivity of the plate.  From our equation, we calculate a Biot number of .0027 
which is much less than the 0.1. This shows that the plate is thermally thin and the temperature 
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on one side of the plate should be the same as the other side. This finding will be important for 
some of our assumptions in the thin skin calibration.  
Instrumentation design 
The design for the thin skin we have created can be seen below. 
 
Figure 23 - Thin Skin 
The plate shown in the picture is made from 18 gauge 316 stainless steel. This plate is welded to 
two ends of a thermocouple wire separated by 1.6 mm. This plate now acts as a large 
thermocouple end and can capture a better average of the temperature reading. This plate is now 
considered an intrinsic thermocouple. A normal thermocouple only captures the temperature of a 
single point, while this intrinsic thermocouple captures a larger area. The plate is also painted 
black to capture more of the radiative heat transfer. In the next two layers, we have used 
substrate, or insulation, to create layers in which we know the thermal properties. These thermal 
properties are important to finding the heat flux throughout the system. Each of these layers are 
made up of approximately ½  inch substrate. The thermocouple placed between the substrate is 
used to obtain a second temperature reading through the first layer of substrate for the 
calibration. The second thermocouple between the substrate and the back face is used for the 
calibration as well. The back face is a calcium silicate layer and is used for the structural 
integrity of the device. There are two screws that hold the device together using two holes in the 
plate. These screws easily pass through the insulation but hold together the device in the strong 
Blue block- Plate 
Green block- Substrate 
Black block- Calcium Silicate 
Red wire- Thin skin welded wire 
Purple wire- Thermocouple wire 
Grey wire- Thermocouple wire 
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calcium silicate. Originally we made this back layer from gypsum board but after calibration, we 
found the board to be too brittle after being exposed to high heat, so we redesigned the device. 
The thermocouples in the thin skin are created by twisting the ends of the thermocouple 
wires and welding them together at the end of the wires. The thin skin weld is similar, but we 
weld the end of the two wires about 1.6 mm apart to the back face of our plate. This back plate is 
flat and welding the ends of the thermocouple wire can be difficult and tricky. 
After changing the back face of the thin skin, we also changed the calibration of our thin 
skin from before. The calibration steps changed are described more in the following section. Our 
temperature readings from before for each inner thermocouple were higher than we expected. 
We believe this is from radiative heat flux entering the thin skin perpendicular to the plate. Since 
the cone is not a perfect one dimensional heat flux device, there is heat flux possibly acting two 
dimensionally. The thin skin plate is small compared to the cone, so this only increases the 
chance of heat flux traveling in a two dimensional fashion. This heat flux can travel through the 
sides of the thin skin and the thermocouples will not be reading the one dimensional heat flux 
that we assumed from the beginning of our project. In order to eliminate the heat flux 
perpendicular to the face, we wrapped the thin skin sides with thick insulation, ensuring that 
minimal perpendicular heat flux will be felt on the other side of the insulation. From our data 
collected, we proved this to be correct, that the insulating blanket gives us a more accurate 
representation of our one dimensional heat flux. 
Finite difference method  
In order to calibrate out thin skin calorimeter we need to use a finite difference model to track the 
temperature throughout the substrate.  For the purpose of this report we will find the formula for 
temperature depending on different time steps for one dimensional conduction.  An energy 
balance can be used to find our governing equation.  We can consider the balance as the heat 
transferred into the element during the time step, 𝑑𝑡, plus the heat generated within the element 
during 𝑑𝑡 equals the change in energy of the element during 𝑑𝑡.  Symbolically:  
𝑑𝑡 ∗ ?̇? + 𝑑𝑡 ∗ ?̇?𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = ∆𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡 [17] 
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The ∆𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡 will equal 𝜌 ∗ 𝑑𝑥 ∗ 𝑐𝑝 ∗ 𝑑𝑇 where 𝜌 is the density, 𝑑𝑥 is the distance between the 
nodes, 𝑐𝑝 is the specific heat of the material and 𝑑𝑇 is the change in temperature.  If we divide 
equation 17 by 𝑑𝑡 and plug in our new equation for ∆𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡 we get 
?̇? + ?̇?𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = 𝜌𝑑𝑥𝑐𝑝
𝑑𝑇
𝑑𝑡
 [17.1] 
 
We can rewrite 
𝑑𝑇
𝑑𝑡
 at some node, n, by using the temperature at the node at the next time step, 
𝑖 + 1, minus the temperature at the node at the current time step, 𝑖, as: 
𝑑𝑇
𝑑𝑡
=
𝑇𝑛
𝑖+1 − 𝑇𝑛
𝑖
𝑑𝑡
 [17.2] 
 
Where 𝑇𝑛
𝑖+1 is the temperature at node n at the next time step and 𝑇𝑛
𝑖 is the temperature at node n 
at the current time step.  Our final energy balance plugging in equation 17.2 into equation 17.1 
comes out to be 
?̇? + ?̇?𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = 𝜌𝑑𝑥𝑐𝑝
𝑇𝑛
𝑖+1 − 𝑇𝑛
𝑖
𝑑𝑡
 [17.3] 
 
Now we can substitute the heat flux transferred into the element and the heat flux generated in 
the element with 𝑘 being the thermal conductivity of the material, equation 17.3 now becomes 
?̇?𝑛
" 𝑑𝑥 + [𝑘
𝑇𝑛−1
𝑖 − 𝑇𝑛
𝑖
𝑑𝑥
+ 𝑘
𝑇𝑛+1
𝑖 − 𝑇𝑛
𝑖
𝑑𝑥
] = 𝜌𝑑𝑥𝑐𝑝
𝑇𝑛
𝑖+1 − 𝑇𝑛
𝑖
𝑑𝑡
 [17.4] 
 
Where ?̇?𝑛
"  is the internal heat generation of the element. We can simplify the equation 17.4 by 
multiplying by 
𝑑𝑥
𝑘
  
?̇?𝑛
" 𝑑𝑥
𝑘
+ 𝑇𝑛−1
𝑖 − 2𝑇𝑛
𝑖 + 𝑇𝑛+1
𝑖 =
𝑑𝑥2
𝛼 ∗ 𝑑𝑡
(𝑇𝑛
𝑖+1 − 𝑇𝑛
𝑖) [17.5] 
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Where α is the thermal diffusivity which equals 
𝑘
𝜌𝑐𝑝
.  We can then define a dimensionless mesh 
Fourier Number as: 
𝐹𝑜 =
𝛼 ∗ 𝑑𝑡
𝑑𝑥2
 
Then plug that into equation 17.5: 
?̇?𝑛
" 𝑑𝑥2
𝑘
+ 𝑇𝑛−1
𝑖 − 2𝑇𝑛
𝑖 + 𝑇𝑛+1
𝑖 =
𝑇𝑛
𝑖+1 − 𝑇𝑛
𝑖
𝐹𝑜
 [17.6] 
 
Note that if we reduce this equation to steady state, 𝑇𝑛
𝑖+1 = 𝑇𝑛
𝑖, we get the equation for one 
dimensional steady state conduction through a material using the finite difference method. 
Cone Calorimeter 
In order to calibrate our thin skin calorimeters to read an incident heat flux we need to use a cone 
calorimeter to supply a known incident heat flux. The cone is an upside down stainless steel 
dome with coils running in the inside of the dome. These coils heat up to a known temperature 
and release a known heat flux down toward the testing area. The cone uses a temperature 
controller in order to control the output temperature of the cone. The calibration is completed by 
using a heat flux gauge (usually a Schmidt-Boelter or Gardon gauge) so the heat flux is known 
for experiments.  For our experiments a temperature setting of 530 °C gives a heat flux of 5 
kW/m
2
, 730 °C gives a heat flux of 50 kW/m
2
and 840 °C gives us a heat flux of 75 kW/m
2
. The 
cone calorimeter is calibrated to release a known heat flux to an object one inch from the bottom 
of the cone.  The figures below from ASTM E 1354 show the cone in more detail. 
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Figure 24-The Cone Side View 
 
Figure 25-The Cone Cross Sectional View 
 
Figure 26-The Cone Top View 
The cone calorimeter reads temperatures by attaching our thin skin thermocouples into 
the correct female adaptors located below the cone testing area. This relays information to a 
1 Inch Distance from the 
bottom of the cone to the top of 
the testing specimen 
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computer which uses an already developed program using LABVIEW to read the temperatures 
in one second intervals.  For our experiment we will run the thin skin calorimeters under the cone 
for 10-15 minutes or until the temperature readings become stagnant.    
Thin Skin Calibration Model 
 In order to calibrate our thin skin calorimeters to read an incident heat flux we need to 
use a cone calorimeter to supply a known incident heat flux.  For our purposes we will calibrate 
our thin skins using a heat flux of 25 kW/m
2
, 50 kW/m
2
, and 75 kW/m
2
.  The equation we use to 
calibrate our incident heat flux is: 
?̇?𝑛𝑒𝑡
" = 𝜖?̇?𝑖
" − 𝜀𝜎(𝑇𝑇𝑆𝐶
4 − 𝑇∞
4 ) − ℎ𝑐𝑜𝑛𝑣(𝑇𝑇𝑆𝐶 − 𝑇∞) − ℎ𝑐𝑐(𝑇𝑇𝑆𝐶 − 𝑇0)  [18] 
 
where 𝑇𝑇𝑆𝐶 is the temperature of the thin skin calorimeter, 𝑇∞ is the ambient air temperature, 𝑇0 
is the temperature of the first node using a finite difference method, and ℎ𝑐𝑐 is the contact 
conductance between the thin skin and the substrate.  In order to find the contact conductance 
and 𝑇0 we need to set up a finite difference model as discussed in the previous section using 
equation 17.6.  For our model there is no internal energy so we can rewrite the equation solving 
for the temperature at the next time step as: 
𝐹𝑜(𝑇𝑛−1
𝑖 − 2𝑇𝑛
𝑖 + 𝑇𝑛+1
𝑖 ) + 𝑇𝑛
𝑖 = 𝑇𝑛
𝑖+1 [2.2] 
 
 Where 𝐹𝑜 =
𝛼∗𝑑𝑡
𝑑𝑥2
  and is called the Fourier’s Number.  One parameter that must be met 
for this model to work is that the Fourier’s Number must be between 0 and ½.  Now that our 
finite difference model is setup we need two boundary conditions because the finite difference 
model discretizes a second order differential equation. Our first boundary condition is applied to 
the first half-node of the finite difference model.  The energy balance at the first half node comes 
out to: 
?̇?𝑛𝑒𝑡
" = (4𝜀𝜎𝑇0
3 + ℎ𝑐𝑐)(𝑇𝑇𝑆𝐶 − 𝑇0) −
2𝑘
𝑑𝑥
(𝑇0 − 𝑇1) [19] 
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 Where σ is the Stephen-Boltzmann’s Constant and ε is the emissivity of the substrate.  
The term 4𝜀𝜎𝑇0
3 is included due to the thin skin plate radiating heat into the substrate at higher 
incident heat fluxes (Alston, 2004).  We also need a stability criteria for this boundary condition 
to work.  We will use a Biot number which is equal to 
ℎ𝑐𝑐𝑙
𝑘
 where 𝑙 is the thickness of the plate, 𝑘 
is the thermal conductivity of the plate, and ℎ𝑐𝑐 is the contact conductance which we will vary to 
calibrate our thin skins.  The Biot number has to be within 0 and ½ for our model to work.  The 
second boundary condition will be a known temperature at the end of the substrate measured by 
a thermocouple.    
Thin Skin Model Sample Calculations 
Now that a model for our thin skin calorimeters has been created we can use a cone calorimeter 
to calibrate them.  Figures 27-29 show calibration for our thin skins using a radiative term versus 
not using a radiative term in equation 19.  Equation 19 without a radiative term would come out 
as 
?̇?𝑛𝑒𝑡
" = ℎ𝑐𝑐(𝑇𝑇𝑆𝐶 − 𝑇0) −
2𝑘
𝑑𝑥
(𝑇0 − 𝑇1) [19.1] 
 
Figure 27: Effect of Radiation Term for 25 kW 
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Figure 28: Effect of Radiation Term for 50 kW 
 
Figure 29: Effect of Radiation Term for 75 kW 
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 These graphs show that the radiation term lowered the total heat fluxes.  If the heat fluxes 
we get from our thin skins are in the 25 kW range we can assume that the values are ± 2 kW, for 
50 kW values we can assume they are ± 4 kW and for 75 kW values we can assume they are ± 5 
kW.   
Water-cooled Heat Fluxes 
While a thin skin calorimeter measures the net heat flux at a target, water cooled heat flux 
gauges measure the incident radiation at a target.  They are used to measure fire resistance and 
flame temperatures, the cooling effect on the sensor enabling it to function properly at high 
temperatures.  There are two commonly used water cooled heat flux gauges, the Schmidt-Boelter 
and the Gardon gauge. 
Gardon Gauge 
 A Gardon gauge consists of a constantan foil, a copper block, and a copper wire.  The 
surface of the thin circular foil of constantan is blackened to achieve a “black body” effect, with 
an emissivity of approximately one to ensure maximum absorptivity of incident radiation striking 
the surface of the thin circular foil.  The energy absorbed by the thin foil of constantan flows 
radially into the surrounding copper which acts as a constant temperature heat sink.  The copper 
heat sink is highly conductive absorbing the heat dissipated and making a back radiation and 
convection negligible.  The heat loss from either side of the foil and the minute temperature 
gradient across the foil can also be neglected because the copper sink is large enough to make 
such small losses negligible.  The heat flows radially.  The temperature at the center of the 
constantan foil is therefore greater than at its circumference.  This temperature difference 
between the center and circumference of the foil is practically the equivalent of the intensity of 
the heat flux striking the surface of the foil.  By attaching a copper wire to the center of the foil, 
the intensity of the heat flux can be measured.  This creates a thermocouple between the copper 
block, constantan, and the copper wire.  
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Figure 30: Gardon Gauge 
Rise of Temperature in the Ring: 
 
[20] 
 
T = temperature of the oil at radius r and time t 
 t = beginning of irradiation 
 k = thermal conductivity 
 cp = specific heat of the material 
 S = thickness of the foil 
 
  Reduces to: 
 
[21] 
 
 The speed of response 
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[22] 
 
 
  For the properties of constantan foil at 70 C 
 
 As a result the speed of response is directly controlled by the radius of the material. 
Schmidt-Boelter Gauge 
The Schmidt-Boelter Gauge consist of black body paint on top of a wafer surrounded by a heat 
sink.  The wafer is a thermopile.  Copper wires attached to the wafer measure the temperature 
distribution across the thermopile to determine the heat flux.   
 
Figure 31: Schmidt-Boelter Gauge 
A thermopile is made of thermocouple pairs connected in series.  The radiation strikes 
what is known as the “active” junction pair is transferred electrically through the series of 
thermocouple pairs.  This creates an electromotive force that is directly related to the temperature 
difference across the series of thermocouple pairs.  Each thermocouple pair like any 
thermocouple consists of a hot and cold junction.  The cold junction is usually connected to a 
heat sink.  The hot junctions consist of a black body to ensure proper absorptivity.  A thermopile 
generates an output voltage from the temperature, and this voltage is transferred in series across 
these thermocouple pairs. 
 Thermistors are used in thermopiles to ensure that the thermopile is able to operate in 
different environments at different temperatures.  A thermistor is a resistor whose resistance 
varies with temperature, compensating for the change in temperature.  
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Copper wires attached to the thermopile (wafer) measure the temperature distribution 
across the thermopile to determine the heat flux.  The assumption that is made is that the 
temperature of the thin black-body layer of the thermopile, is near equivalent to the ambient 
temperature, due to its absorptivity of approximately 1.  As a result the back radiation and 
convective losses are considered negligible. 
 The heat flux can therefore be determined by: 
 
When operating in an environment different from which the water cooled gauge was 
calculated, the back radiation and convective terms can be added back in to make corrections.  
The goal is to recalibrate the gauge so that once again the temperature measured by the 
thermocouple attached to the thermopile is near equivalent to the temperature of the 
environment. 
Schmidt-Boelter makes a water cooled heat flux coined SBG01 that is accordance with 
ISO and ASTM standards.  It can be cooled my room temperature tap water and can operate at 
up to 200 kW/m
2
. 
Other specifications include:  
  Response Time 
    5 to 10 kW/ m
2 
   < 450 ms 
   20 to 50 kW/ m
2 
  < 250 ms 
   100 to 200 kW/ m
2 
   < 200 ms 
  Field of View: 180 degrees 
 Cooling water needs to be applied at a rate of 10 liter or more an hour, preferably 30 
liters at tap water pressure (3 bars). 
Calibration 
 There are two main calibration techniques for water-cooled heat flux gauges using black 
bodies.  The first technique relies on using black body radiation equations based on the 
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pyrometric (type of thermometer) measurement of the temperature of the heat flux at the surface 
of the sensor.  This technique is accurate when the sensor’s view angle is small and the distance 
between the black body and the sensor surface is large.  The second technique uses a cavity type 
radiometer with an emissivity of .99 (or almost complete absorptivity) to absorb the incident 
radiation.  This measurement of the heat flux is used to determine the heat flux at the sensor 
location.  This technique has good repeatability and can provide calibration within plus or minus 
two percent of the actual heat flux or better. 
 
Figure 32: Cavity Type Radiometer 
 Calibration can also be conducted by an already calibrated gauge.  This is obviously a 
little less accurate than a black body calibration due to the compounding effect of the calibrating 
a gauge to a gauge that was calibrated within plus or minus two percent of the heat flux.  
Calibration for this technique is carried out by comparing the calibrated and non-calibrated 
water-cooled heat flux gauges at varying levels of irradiation.  The two gauges are mounted side 
by side and moved into the testing position.  The average output for each gauge is determined 
over a one minute period.  This is continuously done until the gauges are within one percent of 
each other. 
 FM Global calibrates its water-cooled heat flux gauges using the Stefan-Boltzmann 
constant instead of basing the calibration on another device.  For its test, FM Global places the 
gauges at varying distances from a hot furnace orifice of which the level of radiance emitted is 
known.  The furnace is designed to ensure the maximum incident radiation is absorbed by the 
sensor on the water-cooled heat flux gauge. 
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Figure 33: FM Global Calibration Instrument 
Appendix D 
Development of rig insulation 
 
The Aluminum Rig 
 The intermediate scale rig was designed in accordance with the Design of an 
Intermediate Scale Fire Test Rig for Exterior Wall Assemblies by Ciampa, Forbes, and Kawalya.  
The main change that was made from their original design was the material.  Instead of building 
the intermediate scale rig with ASTM A500 Steel it was built with two aluminum alloys, 6061-
T6 and 6061-T6516.  These two alloys are essentially the same and they both have a melting 
point of 650
o
C (ASM).  As mentioned previously this is lower than the highest temperatures 
around 800
o
C that the rig will be subjected to during the fire tests.  As a result, insulation is 
needed to protect the rig.   
Determining the Limiting Temperature Threshold 
 In order to determine the limiting temperature threshold we looked at the effect of 
temperature on the properties of aluminum.   ASTM A500 has a higher yield strength and loses 
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less yield strength with temperature increase than 6061-T6 and 6061-T6516, but it is also more 
costly and heavier (Ciampa, Forbes, and Kawalya, 2014).  
 The following table illustrates the effect of temperature on the two aluminum alloys, 
6061-T6 and 6061-T651, used for the rig. 
 
Figure 34-Properties of Aluminum Alloys (Davis 1993) 
At Kaiser Aluminum both alloys undergo precipitation hardening which is a process 
consisting of solution heat treatment and then aging (Callister 437).  The solution heat treatment 
occurs at 990
o
F of 532
o
C.  Solution heat treatment is the heating of an alloy to a temperature at 
which it can form a homogenous liquid solution.  It is then rapidly cooled through quenching, 
often using water.   Aging then occurs at 350
o
F or 176
o
C for 8 hours.  Aging is the process of 
heating the alloy once it has been quenched to an intermediate temperature where fine particles 
become equally dispersed amongst the alloy (Total Materia).  This process results in the 
strengthened properties of 6061-T6 and T651 shown above.  Untreated aluminum 6061 has a 
tensile strength of 12 ksi at room temperature compared to the heat treated aluminum 6061-T6 or 
T651 tensile strength of approximately 45 ksi.     
 Aging can occur as a natural process over time and it can be accelerated by heat to an 
optimum level of aging as is the case with precipitation hardening.  If a material is aged too 
much it can become overaged and this results in a reduction of strength.  Repetitive heating will 
slowly age the aluminum past its optimum level and potentially overage it after a certain amount 
of time.  Like any long-term application repetitive heating to temperatures even below 176
o
C 
will weaken the tensile properties of the aluminum.  Every time it re-cools it will never quite 
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have the same tensile strength that had before it was heated up that particular time.  This could 
theoretically result in the treated aluminum eventually returning to its untreated form.   
 In order to limit the long term thermal effect on the intermediate scale rig we decided to 
choose a limiting temperature that was 2/3 of the temperature of aging during manufacturing.  
Since aging occurs approximately at 180
o
C our limiting temperature threshold is therefore 
120
o
C. 
Main Insulation Priorities  
 There are three main areas of the rig we have to insulate: the torsion box, the side panels, 
and the back support. The two areas that will receive greatest heat flux are the torsion box and 
the bottom horizontal bar on the back support.  The torsion box directly borders the burner on 
both sides.  The bottom horizontal bar will have the wall assembly directly in front of it.  The 
location of the burner greatly effects the heat flux subjected on this bottom bar.  For the torsion 
box it is expected to be subjected to a heat flux of about 40 kW/m
2
 during fire tests.  Since the 
torsion box was designed to distribute and support the majority of the weight of wall specimens 
it is important that it retains its strength. 
Side Panel Analysis 
The protection designed for the side panels was based on the maximum allowable fire 
scenario.  The maximum allowable fire scenario was based on the results from Burn 1 in which 
the fire was a full flame sheet from the bottom to the top of the wall as indicated in Table 1.  A 
heat flux map was created for the maximum allowable fire scenario from a combination of the 
heat fluxes found in Burn 1 and a simple two-dimensional viewpoint analysis on the side panels.  
The two-dimensional viewpoint analysis was based on the assumption that the fire from the 
burner and side panel was a perpendicular plane with a common edge as seen in the picture 
below. 
 
Figure 35: Perpendicular planes with a common edge (Bergman 2011) 
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The two equations used for this two dimensional analysis were as follows: 
 
[23] 
 
?̇?" = 𝐹𝑖𝑗 ∗ 𝜀𝜎𝑇
4 
 
[24] 
𝜎 = 𝑠𝑡𝑒𝑓𝑎𝑛 𝑏𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
𝜀 = 𝑒𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 
𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 
𝐹𝑖𝑗 = 𝑣𝑖𝑒𝑤𝑝𝑜𝑖𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
?̇?" = ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 
Assuming complete absorption by the insulation on the side panel, the emissivity was 
assumed to be 1.  First the temperature of the flame was found, at a specific height, using the 
known heat flux 3 inches off the wall from Burn 1 and the viewpoint factor 3 inches off the wall.  
Using this temperature, the heat flux was found at that specific height 24 inches off the wall 
using the viewpoint factor 24 inches off the wall.  This analysis was used to determine the heat 
flux at every foot up the side wall 24 inches off the wall.  Below is a sample calculation at three 
feet up the side panel and wall. 
?̇?" = 40,000 𝑊/𝑚2 
𝑤𝑗 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑟𝑒 = 1.22 𝑚 
𝑤𝑖 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑓𝑖𝑟𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑘𝑛𝑜𝑤𝑛 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 𝑔𝑎𝑢𝑔𝑒 =  .0762 𝑚 
 
𝐹𝑖𝑗 =  .48 
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?̇?" = 𝐹𝑖𝑗 ∗ 𝜀𝜎𝑇
4 
40,000 =  .48 ∗ 1 ∗ 5.67 ∗ 10−8 ∗ 𝑇4 
𝑇 = 1101𝐾 𝑜𝑟 828℃ 
 After using the known heat flux and viewpoint factor to determine the temperature, the 
temperature can be used to find the heat flux at a different viewpoint factor at the same elevation. 
?̇?" = 𝐹𝑖𝑗 ∗ 𝜀𝜎𝑇
4 
𝐹𝑖𝑗 =  .38 𝑓𝑜𝑟 24 𝑖𝑛𝑐ℎ𝑒𝑠 𝑜𝑓𝑓 𝑡ℎ𝑒 𝑤𝑎𝑙𝑙 
?̇?" = .38 ∗ 1 ∗ 5.67 ∗ 10−8 ∗ 11014 
?̇?" = 32, 000 𝑊/𝑚2 
The heat flux map is shown below.  As you can see, the example demonstrations the 
calculation used to determine the 32 kW/m
2
 heat flux 24 inches off the wall at a height of 3ft. 
Two sets of heat fluxes are shown on the side panels.  The set closest to the wall is 3 inches off 
the wall and the second set is 24 inches off the wall.  As you can see there is a significant drop in 
the heat fluxes farther up the wall and side panels.  The heat fluxes are also smaller further away 
horizontally from the fire. 
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Figure 36: Maximum Allowable Fire Scenario Heat Flux Map 
 
The side panels are expected to mostly experience heat flux between 20 – 40 kW/m2. 
This would put them between the 25 kW/m
2
 and the 50 kW/m
2
 cone tests.  The side panels will 
receive a smaller heat flux then the ones found on the prototype rig due to the fact that there is 
more than a seven inch air gap between the side panels and the flames from the burner for the 
intermediate scale rig.  The torsion box will also block heat issuing directly sideways from the 
slot of the burner.   
Red  = 50 kW/m2 and up 
Orange = 30–49 kW/m2 
Yellow = 10-29 kW/m2 
Gray  = 2 inch thickness of 
insulation 
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Amount of Insulation Necessary 
 Another consideration is the human interaction with the rig during the burning of the 
external wall assembly.  A study by Ungar and Stroud at the NASA/Johnson Space Center 
determined that any temperature of aluminum below 45 
o
C would be below the threshold of pain 
for the human touch.  It would be ideal to keep the temperature of the aluminum below 45 
o
C 
using insulation.  For the parts of the side panel that will receive a heat flux range of 16 to 24 
kW/m2 is accurate it is possible we could keep the temperature below the threshold of pain for 
the human touch if we used three inches of insulation.  On the cone, using a heat flux of 25 
kW/m2, we found the temperature at the back face of the three inches of insulation to be 40 
o
C 
after 30 minutes and 52.2 
o
C after 45 minutes.  Given our expected range, 25 kW/m
2
 is on the 
high end, so it looks promising.  Even if we experience heat fluxes more in the range of 
50kW/m
2
 we are still in a safe range.  On the cone, at 50kW/m
2
, we found the temperature at the 
back face of the three inches of insulation to be 78 
o
C after 30 minutes and 105 
o
C after 45 
minutes.  105 
o
C would still give us a large buffer between the actual temperature of the 
aluminum and the temperature used for aging.  Given our limiting threshold of 120 
o
C, three 
inches of insulation or two inches of insulation with a 5/8 inch thick piece of gypsum would 
properly protect the side panel by keeping the temperatures below the limiting threshold.  The 
thickness of insulation calculations developed over time.  In the end the finite difference model 
and experimental results from the extended cone tests were used to determine the thickness of 
the insulation.  Ideally 3 inches in some areas would have allowed for the aluminum to be cool to 
the touch, but since three inches was the maximum distance between the side panel and the edge 
of the wall specimen we wanted to limit the thickness to three inches or less.  The three inches of 
insulation would have to be mounted to gypsum which would have made it thicker than allowed.  
As a result, two inches of insulation with gypsum board was found to be satisfactory and is 
therefore our recommended thickness. 
Insulation for the Rig 
To determine the amount of insulation required to properly protect the rig from reaching 
temperatures that are too damaging to its physical properties, we looked at three different 
calculation methods: Constant thermal conductivity (k), temperature dependent k value, and 
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finite difference with temperature dependent k value, to determine the temperature at the front 
and back face of the aluminum as shown in the following figure. 
 
 
Figure 37: Cross Section Profile of Insulation and Rig 
 
 
Tsins = Temperature at the surface of insulation 
Tbfal = Temperature at the back face of the aluminum 
Tfsal = Temperature at the front surface of aluminum 
Tamb = Temperature of ambient air 
ins = Kaowool Blanket 
al = aluminum 
For our steady-state calculations we modeled our fire as having an average flame 
temperature of 800 ℃ or 1073 K.  We then assumed perfect contact with the surface of the 
insulation.  As a result, Ts = 1073K for our steady-state analysis. A full comparison between the 
steady state constant k calculation results and the steady state temperature dependent k results is 
located at the end of the temperature dependent k value calculation section. 
68 
 
The ceramic fiber blanket we are using in our calculation was known as Kaowool Blanket 
and it is made by Morgan Ceramics.  The thermal conductivity of the Kaowool Blanket has been 
tested in accordance with ASTM C 201, for measuring the thermal conductance of ceramic fiber 
insulation.  The following table contains the thermal conductivity of Kaowool at different 
temperatures.  It is important to note, that since this calculation, Cerablanket was chosen instead 
of Kaowool due to preference in the lab.  Cerablanket has a slightly higher thermal conductivity, 
but the values are similar enough.  Since the Constant k value, temperature dependent k value 
calculations were unable to provide us with a reasonable thickness for the insulation; the team 
eventually used finite difference to determine the thickness of the insulation required. As a result, 
the constant k value and temperature k value calculations were never updated with the slightly 
higher thermal conductivity of the Cerablanket because it was considered unnecessary.    
Table 6: Manufacturer's Thermal Conductivity Values at Different Temperatures 
 
 
Constant Thermal Conductivity Model  
 To calculate the temperature of the back face of the aluminum we first used the following 
equation to find the heat flux flowing through the system shown in Figure 37:   
?̇?" =  
(𝑇𝑠𝑖𝑛𝑠 − 𝑇𝑎𝑡𝑚)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ2
))
 
[25] 
 
Where 𝑇𝑠𝑖𝑛𝑠 is the temperature at the surface of the insulation, 𝐿𝑖𝑛𝑠 is the thickness of the 
insulation, 𝑘𝑖𝑛𝑠 is the thermal conductivity of the insulation, 𝐿𝑎𝑙 is the thickness of the 
aluminum, 𝑘𝑎𝑙 is the thermal conductivity of the aluminum, and ℎ1 and ℎ2 are convective heat 
transfer coefficients. 
T (C,) T (K) k (W/m^2*K)
260 533.00 0.06
538 811.00 0.12
816 1089.00 0.21
982 1255.00 0.26
1093 1366.00 0.3
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When then used this 𝑞 to calculate the temperature of the front surface of the aluminum 
using the following equation: 
𝑞 =  
𝑘𝑖𝑛𝑠(𝑇𝑠𝑖𝑛𝑠 − 𝑇𝑓𝑠𝑎𝑙)
𝐿𝑖𝑛𝑠
 [26] 
 
𝑇𝑓𝑠𝑎𝑙 = Temperature at the front surface of the aluminum 
 We also use this 𝑞 to calculate the temperature at the back surface of the aluminum using 
the following equation: 
𝑞 =  
(𝑇𝑠𝑖𝑛𝑠 − 𝑇𝑏𝑓𝑎𝑙)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
))
 
[27] 
𝑇bfal = Temperature at the back face of the aluminum. 
Assumptions 
 Steady State 
 One Dimensional Flow 
 Constant k value 
The h2 value for air at back face of aluminum, which is just ambient air is assumed to be 
10 W/m^2*K 
 The h1 value for air within the aluminum was calculated as follows. 
 Known Values: 
  𝐿 = Thickness of enclosed area = 3in or .0762m 
  𝐻 = Height of the rig = 3.048 
  Prandtl Number (𝑃𝑟) = .71 for air at 20C 
  𝑘 = .024 W/m*K for air 
  ∆𝑇 = 50, 100, 150, 200, 250, 300 
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 Equations:  
  
ℎ1 =
𝑘
𝐿
∗ .22 ∗ (
(𝑃𝑟 ∗ 𝑅𝑎)
(.2 + 𝑃𝑟)
)
.28
∗ (
𝐻
𝐿
)
(−
1
4)
 [28] 
 
 
  𝐺𝑟𝑎𝑠ℎ𝑜𝑓 𝑁𝑢𝑚𝑏𝑒𝑟 (𝐺𝑟) = 7.8 ∗ 109 ∗ (𝑇2 − 𝑇1) ∗ 𝐿
3  For air at 20C 
  𝐺𝑟 = 7.8 ∗ 109 ∗ ∆𝑇 ∗ 𝐿3 
  Rayleigh Number (Ra) = Gr*Pr  
 
Ex. Calc 
  𝐺𝑟 = 7.8 ∗ 109 ∗ ∆𝑇 ∗ 𝐿3 
  ∆𝑇 = 50 
  𝐺𝑟 = 7.8 ∗ 109 ∗ 50 ∗. 07623 
  𝐺𝑟 =  1.72 ∗ 108 
  Ra = Gr*Pr = 1.23 ∗ 108 
  ℎ =
𝑘
𝐿
∗ .22 ∗ (
(𝑃𝑟∗𝑅𝑎)
(.2+𝑃𝑟)
)
.28
∗ (
𝐻
𝐿
)
(−
1
4
)
  
  ℎ =
.024
.0762
∗ .22 ∗ (
(.71∗1.23∗108)
(.2+.71)
)
.28
∗ (
3.048
.0762
)
(−
1
4
)
  
  ℎ = 4.73
𝑊
𝑚2
∗ 𝐾 
 The following table illustrates all the ∆𝑇 values (50, 100, 150, 200, 250, 300) that were 
considered.    
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Table 7: Calculating h1 between the sections of aluminum 
 
 Using the table as a guide we decided an h1 value of 7 W/m
2
*K is a reasonable 
assumption. 
 After figuring out all the similar values above, we decided to choose a low, middle, and 
high k value, using Table 7 as a guide, to figure out the temperature at the front and the 
temperature at the back face of the aluminum.  The following calculation, high, middle, and low 
are example calculations using 1 inch insulation. 
Constant High Thermal Conductivity  
 𝒌 = .218 W/m*K 
𝑳𝐢𝐧𝐬  = .0254 m (1 inch) 
𝑇𝑠  = 1073K 
𝑇amb = 293K 
𝑘𝑎𝑙  = 205 W/m*K 
𝐿𝑎𝑙  = .00318 m (1/8 inches) 
ℎ1 = 7 W/m^2*K   
ℎ2 = 10 W/m^2*K 
 
First used the following equation to find the 𝑞 flowing through the system:  
 
L (m) 0.0762 Change T Gr Ra h (W/m^2*K)
H (m) 3.048 50 1.7E+08 1.2E+08 4.7
Pr 0.71 100 3.5E+08 2.5E+08 5.7
k (W/m*K) 0.024 150 5.2E+08 3.7E+08 6.4
200 6.9E+08 4.9E+08 7.0
250 8.6E+08 6.1E+08 7.4
300 1.0E+09 7.4E+08 7.8
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𝑞 =  
(𝑇𝑠 − 𝑇𝑎𝑡𝑚)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ2
))
 
 
𝑞 =  
(1073 − 293)
((
. 0254
. 218 ) + (
. 00318
205 ) + (
1
7) + (
. 00318
205 ) + (
1
10))
 
𝑞 = 2170 W/m2 
 
 Now we use this q we found to solve for the temperature at the front face of the 
aluminum: 
𝑞 =  
𝑘𝑖𝑛𝑠(𝑇𝑠𝑖𝑛𝑠 − 𝑇𝑓𝑠𝑎𝑙)
𝐿𝑖𝑛𝑠
 
2170 =  
. 218(1073 − 𝑇𝑓𝑠𝑎𝑙)
. 0254
 
𝑇𝑓𝑠𝑎𝑙 = 820𝐾 𝑜𝑟 547℃  
 
 And the back face of the aluminum: 
𝑞 =  
(𝑇𝑠 − 𝑇𝑏𝑓)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
))
 
 
2170 =  
(1073 − 𝑇𝑏𝑓)
((
. 0254
. 218 ) + (
. 00318
205 ) + (
1
7) + (
. 00318
205 ))
 
𝑇𝑏𝑓𝑎𝑙 = 510K or 237C 
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Constant Middle Thermal Conductivity 
 𝒌  = .14 W/m*K 
𝑳𝒊𝒏𝒔 = .0254 m (1 inch) 
𝑇𝑠  = 1073K 
𝑇𝑎𝑚𝑏 = 293K 
𝑘𝑎𝑙    = 205 W/m*K 
𝐿𝑎𝑙 = .00318 m (1/8 inches) 
ℎ1 = 7 W/m^2*K 
ℎ2 = 10 W/m^2*K 
  
First used the following equation to find the q flowing through the system:  
 
𝑞 =  
(𝑇𝑠 − 𝑇𝑎𝑡𝑚)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ2
))
 
 
𝑞 =  
(1073 − 293)
((
. 0254
. 14 ) + (
. 00318
205 ) + (
1
7) + (
. 00318
205 ) + (
1
10))
 
 q = 1838 W/m
2
  
 
Now we use this q we found to solve for the temperature at the front surface of the 
aluminum: 
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𝑞 =  
𝑘𝑖𝑛𝑠(𝑇𝑠𝑖𝑛𝑠 − 𝑇𝑓𝑠𝑎𝑙)
𝐿𝑖𝑛𝑠
 
1838 =  
. 24(1073 − 𝑇𝑓𝑠𝑎𝑙)
. 0254
 
 
𝑇𝑓𝑠𝑎𝑙 = 739𝐾 𝑜𝑟 466℃ 
 
 
Now we use this q we found to solve for the temperature at the back face of the 
aluminum: 
𝑞 =  
(𝑇𝑠 − 𝑇𝑏𝑓)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
))
 
 
1838 =  
(1073 − 𝑇𝑏𝑓)
((
. 0254
. 14 ) + (
. 00318
205 ) + (
1
7) + (
. 00318
205 ))
 
𝑇𝑏𝑓𝑎𝑙 = 477K or 204C 
Constant Low Thermal Conductivity 
kins = .06 W/m*K 
𝑳𝒊𝒏𝒔  = .0254 m (1 inch) 
𝑇𝑠  = 1073K 
𝑇𝑎𝑚𝑏 = 293K 
𝑘𝑎𝑙  = 205 W/m*K 
𝐿𝑎𝑙 = .00318 m (1/8 inches) 
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ℎ1 = 7 W/m^2*K 
ℎ2 = 10 W/m^2*K 
   
First used the following equation to find the q flowing through the system:  
 
𝑞 =  
(𝑇𝑠 − 𝑇𝑎𝑡𝑚)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ2
))
 
 
𝑞 =  
(1073 − 293)
((
. 0254
. 06 ) + (
. 00318
205 ) + (
1
7) + (
. 00318
205 ) + (
1
10))
 
𝑞 = 1171 W/m2 
 
Now we use this q we found to solve for the temperature at the front surface of the 
aluminum: 
𝑞 =  
𝑘𝑖𝑛𝑠(𝑇𝑠𝑖𝑛𝑠 − 𝑇𝑓𝑠𝑎𝑙)
𝐿𝑖𝑛𝑠
 
1171 =  
. 06(1073 − 𝑇𝑓𝑠𝑎𝑙)
. 0254
 
 
𝑇𝑓𝑠𝑎𝑙 = 577𝐾 𝑜𝑟 304℃ 
 
Now we use this q we found to solve for the temperature at the back face of the 
aluminum: 
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𝑞 =  
(𝑇𝑠 − 𝑇𝑏𝑓)
((
𝐿𝑖𝑛𝑠
𝑘𝑖𝑛𝑠
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
))
 
 
1171 =  
(1073 − 𝑇𝑏𝑓)
((
. 0254
. 06 ) + (
. 00318
205 ) + (
1
7) + (
. 00318
205 ))
 
𝑇𝑏𝑓𝑎𝑙 = 410K or 137C 
 A full comparison between the constant k calculation results and the temperature 
dependent k results is located at the end of the temperature dependent k value calculation section. 
 To keep the temperature of the back face of the aluminum below the threshold of pain 
(45
o
C), as mentioned above we would need the following amount of insulation. 
Table 8: Required Thickness for Safe Handling without Protection 
 
 The constant k value data shows that it would take an unreasonable amount of insulation 
to keep the back face of the aluminum rig from getting hot enough to cause pain to the touch.  As 
a result, further and more complex analysis is needed.  Next we will look at temperature 
dependent thermal conductivity. 
Temperature Dependent Thermal Conductivity 
 To determine the effects of temperature on the thermal conductivity of Kaowool Blanket 
we graphed the values in Table 6. 
Required Thickness for Tbf Tbf (,C)
k Value (W/m^2*K) (m) (in)
High (k = .218) 0.508 20 50
Low (k = .06) 0.1778 7 44
Middle (k = .14) 0.3048 12 52
77 
 
 
Figure 38: Thermal Conductivity of Kaowool 
𝐴𝑇2 +  𝐵𝑇 =  .0003𝑇2  −  .104𝑇 for the Kaowool Ceramic Fiber Blanket 
We then derived the following equation for temperature dependent thermal conductivity. 
 ?̇?′′ =  − 
𝑘𝑑𝑇
𝑑𝑥
 
  ?̇?′′ =  − 
(𝐴𝑇+𝐵)𝑑𝑇
𝑑𝑥
 
 −?̇?′′𝑑𝑥 = (𝐴𝑇 + 𝐵)𝑑𝑇 
 −?̇?′′ ∫ 𝑑𝑥
𝑥2
𝑥1
= ∫ (𝐴𝑇 + 𝐵)
𝑇2
𝑇1
𝑑𝑇 
 −?̇?′′𝑥 {
𝑥2
𝑥1
= (
𝐴𝑇2
2
+ 𝐵𝑇) {
𝑇2
𝑇1
                                                                                                                                                                  
 −?̇?′′(𝑥2 − 𝑥1) = (
𝐴𝑇2
2
2
+ 𝐵𝑇2) − (
𝐴𝑇1
2
2
+ 𝐵𝑇1)  
Next we substituted the linear equation for k, 𝐴𝑇2 +  𝐵𝑇 =  .0003𝑇2  − .104𝑇 
 −?̇?′′(𝑥2 − 𝑥1) = (
.0003𝑇2
2
2
− .104𝑇2) −  (
.0003𝑇1
2
2
− .104𝑇1) 
y = 0.0003x - 0.104 
R² = 0.993 
0
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/m
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Thermal Conductivity of Kaowool Blanket  
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−?̇?′′(𝑥2 − 𝑥1) = (. 00015𝑇2
2 − .104𝑇2) − (. 00015𝑇1
2 − .104𝑇1) 
 
[29] 
 
 As mentioned previously, T1 = 1073K. 𝑥2 and 𝑥1 can be chosen.  That still leaves us with 
two unknowns, 𝑞 and  𝑇2.  Choosing the q value we found from our 1 inch middle k equation we 
could solve for the temperature at the back face of the insulation.  Once we had the temperature 
at the back face of the insulation we could check that the 𝑞 value we had chosen was accurate 
from the following equations (very similar to the one we used in the constant k value 
calculations) since we know all the values. 
𝑞 =
(𝑇𝑏𝑖𝑛𝑠 − 𝑇𝑎𝑚𝑏)
(
𝐿𝑎𝑙
𝑘𝑎𝑙
) + (
1
ℎ1
) + (
𝐿𝑎𝑙
𝑘𝑎𝑙
)
 
 Once the q value used to calculate the temperature of the back face of the insulation 
converges with the q that we get from the above equation, we know we have chosen the correct 
value for q.   
 We used ten nodes to create a profile of the heat transfer within the cross section of the 
aluminum.  For example, when we solved for the temperature dependent thermal conductivity 
calculation to determine the back face of a 1 inch piece of insulation, each node was .00254m 
(.0254m divided by 10).  We did this for 1 in, 2 in, 4 in, and 6 in of insulation.  The following 
graphs illustrate the comparison between the constant k value calculations and the temperature 
dependent calculation for determining the temperature at the back face of the insulation. 
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Figure 39: Thermal Conductivity Comparison, 1in 
 
Figure 40: Thermal Conductivity Comparison, 2 in 
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Figure 41: Thermal Conductivity Comparison, 4 in 
 
 
Figure 42: Thermal Conductivity Comparison, 6 in 
 
 Due to the fact that from the figures above it is clear that 1 inch is too little insulation and 
6 inches is unreasonable, a further analysis of 2 inches and 4 inches of insulation was completed. 
 Heat transfer through 2 inches of insulation, 1/8 inches of aluminum, 3 in of air, 1/8 
inches aluminum.   
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Figure 43: Heat Transfer, 2 in of Insulation Full Cross Section 
  Heat transfer through 4 inches of insulation, 1/8 inches of aluminum, 3 in of air, 1/8 
inches aluminum.   
 
 
Figure 44: Heat Transfer, 4 in of Insulation Full Cross Section  
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We tested our model by running 3 in of 6 x 6 in of insulation under the cone calorimeter at 
different heat fluxes. 
 
 
 
 
We used the same heat fluxes we used to test our thin skins, 25 kW/m
2
, 50 kW/m
2
, and 75 
kW/m
2
.  Another consideration we took for testing the insulation was that the thermal 
conductivity, k, varied with temperature.  In our last report we showed that the conductivity 
values that the insulation company gave us can be considered a linear equation.  The equation for 
the k came out to 
 
𝑘(𝑇) = 0.003𝑇 − 0.104 [30] 
 
The first data point Thermal Ceramics provided was at 260 °C the conductivity was 0.06 
W/m
2
K.  For values lower than 260 °C I assumed that the conductivity was 0.06 W/m
2
K due to 
the fact that any lower would make the insulation’s conductivity unrealistic.   
Transient Analysis – Finite Difference Method  
 In order for us to better understand how much insulation we need to protect the rig we 
created a finite difference model using the insulation properties, temperatures, and heat flux.  
The purpose of this model is so that we can understand how the heat will flow through the 
insulation and so we are sure that when we do use the rig we are not going to damage it during a 
test.  For this model we assumed that we have a known heat flux and known thermal properties 
for the insulation.  From here we used a boundary condition at the first interior node of  
?̇?𝑛𝑒𝑡
" = 𝜖?̇?𝑖
" − ?̇?𝑐𝑜𝑛𝑣
" − ?̇?𝑟𝑎𝑑
" − ?̇?𝑐𝑜𝑛𝑑
"  [31.1] 
Which can be rewritten at the next timestep as: 
Heat Flux 
TC1 (1 inch) = 
TC2 (2 inch) = 
TC3 (3 inch) =  
Figure 45: Cone Calorimeter Test 
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 𝑇0
𝑖+1 = [𝜖?̇?𝑖
" − 𝜀𝜎 (𝑇0
4𝑖 − 𝑇∞
4 ) − ℎ𝑐𝑜𝑛𝑣(𝑇0
𝑖 − 𝑇∞) −
2𝑘
∆𝑥
(𝑇0
𝑖 − 𝑇1
𝑖)] ∗
𝑑𝑡
𝜌𝑐𝑝∆𝑥
+ 𝑇0
𝑖 [31.2] 
Temperatures with an 𝑖 are at the previous timestep while temperatures with an 𝑖 + 1 are at the 
next timestep.  This boundary condition is an energy balance at the first half node, 𝑇0.  For our 
second boundary condition we used a known temperature at the back of the insulation measured 
by a thermocouple.  For all values of k, equation [1.2] is used.  The values for thermal 
conductivity, the Fourier’s number, and the temperatures for each node using an incident heat 
flux of 50 kW/m
2
 for our finite difference calculations can be found below in Tables 9-11.  The 
numbers 0-12 indicate which node the value is located.   
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Table 9: K Value 50 kW Test 
timestep k0 k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11 k12
0 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
1 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
2 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
3 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
4 0.08 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
5 0.10 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
6 0.11 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
7 0.12 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
8 0.13 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
9 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
10 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
11 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
12 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
13 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
14 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
15 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
16 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
17 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
18 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
19 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
20 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
21 0.14 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
22 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
23 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
24 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
25 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
26 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
27 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
28 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
29 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
30 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
31 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
32 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
33 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
34 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
35 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
36 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
37 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
38 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
39 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
40 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
41 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
42 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
43 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
44 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
45 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
46 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
47 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
48 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
49 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
50 0.15 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
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Table 10: Fourier’s number 50 kW Test 
timestep Fo0 Fo1 Fo2 Fo3 Fo4 Fo5 Fo6 Fo7 Fo8 Fo9 Fo10 Fo11 Fo12
0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
4 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
5 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
6 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
7 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
8 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
9 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
10 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
11 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
12 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
13 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
14 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
15 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
16 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
17 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
18 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
19 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
20 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
21 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
22 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
23 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
24 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
25 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
26 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
27 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
28 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
29 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
30 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
31 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
32 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
33 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
34 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
35 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
36 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
37 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
38 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
39 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
40 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
41 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
42 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
43 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
44 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
45 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
46 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
47 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
48 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
49 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
50 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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Table 11: Temperature at each node 50 kW Test 
  
timestep T0 T1 T2 T3 0.85 in T4 1.1 in T5 T6 T7 T8 2.07 in T9 2.3 in T10 T11 T12
0 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
1 390.31 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
2 478.76 295.60 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
3 558.82 297.71 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
4 628.92 300.70 294.54 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.48
5 685.78 304.44 294.61 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
6 729.30 308.75 294.72 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
7 760.87 313.47 294.88 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
8 782.80 318.44 295.09 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
9 797.56 323.56 295.36 294.51 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
10 807.32 328.73 295.68 294.52 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.48
11 813.75 333.90 296.05 294.53 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.48
12 818.04 339.02 296.47 294.55 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
13 820.96 344.09 296.94 294.57 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
14 823.04 349.07 297.46 294.59 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
15 824.58 353.97 298.02 294.63 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
16 825.80 358.78 298.63 294.66 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.48
17 826.81 363.50 299.28 294.71 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
18 827.68 368.13 299.98 294.76 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
19 828.48 372.67 300.71 294.82 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.48
20 829.21 377.12 301.47 294.88 294.51 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
21 829.91 381.49 302.27 294.95 294.51 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
22 830.57 385.77 303.11 295.03 294.52 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
23 831.22 389.97 303.97 295.12 294.52 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
24 831.85 394.09 304.87 295.22 294.53 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.51
25 832.46 398.14 305.79 295.32 294.53 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.49
26 833.06 402.10 306.74 295.43 294.54 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
27 833.64 406.00 307.72 295.55 294.55 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
28 834.22 409.82 308.72 295.68 294.56 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
29 834.78 413.57 309.74 295.82 294.58 294.49 294.49 294.49 294.49 294.49 294.49 294.49 294.50
30 835.34 417.25 310.78 295.97 294.59 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.50
31 835.88 420.86 311.84 296.12 294.60 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.50
32 836.42 424.41 312.93 296.29 294.62 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49
33 836.94 427.90 314.03 296.46 294.64 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.49
34 837.46 431.32 315.14 296.65 294.66 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.50
35 837.96 434.69 316.28 296.84 294.68 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.52
36 838.46 437.99 317.42 297.04 294.70 294.50 294.49 294.49 294.49 294.49 294.49 294.49 294.50
37 838.95 441.24 318.59 297.25 294.73 294.51 294.49 294.49 294.49 294.49 294.49 294.49 294.50
38 839.43 444.43 319.76 297.46 294.75 294.51 294.49 294.49 294.49 294.49 294.49 294.49 294.50
39 839.90 447.56 320.95 297.69 294.78 294.51 294.49 294.49 294.49 294.49 294.49 294.49 294.51
40 840.37 450.65 322.15 297.93 294.81 294.51 294.49 294.49 294.49 294.49 294.49 294.49 294.51
41 840.83 453.68 323.36 298.17 294.85 294.52 294.49 294.49 294.49 294.49 294.49 294.49 294.50
42 841.28 456.66 324.58 298.43 294.88 294.52 294.49 294.49 294.49 294.49 294.49 294.49 294.51
43 841.72 459.59 325.81 298.69 294.92 294.52 294.49 294.49 294.49 294.49 294.49 294.49 294.51
44 842.15 462.47 327.04 298.96 294.96 294.53 294.49 294.49 294.49 294.49 294.49 294.49 294.50
45 842.58 465.30 328.29 299.24 295.00 294.53 294.49 294.49 294.49 294.49 294.49 294.49 294.50
46 843.00 468.09 329.54 299.53 295.04 294.54 294.49 294.49 294.49 294.49 294.49 294.49 294.49
47 843.41 470.83 330.80 299.82 295.09 294.54 294.49 294.49 294.49 294.49 294.49 294.49 294.51
48 843.82 473.53 332.06 300.13 295.14 294.55 294.49 294.49 294.49 294.49 294.49 294.49 294.51
49 844.22 476.18 333.34 300.44 295.19 294.56 294.50 294.49 294.49 294.49 294.49 294.49 294.50
50 844.62 478.79 334.61 300.76 295.24 294.56 294.50 294.49 294.49 294.49 294.49 294.49 294.51
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 For the each test we used three 1 in 6 x 6 pieces of insulation with thermocouples 
between each to try to match the temperatures we received in our finite difference model.    
 
Extended Cone Testing   
After our initial 14-15 min tests on the cone to test we ran additional 45 min tests on our 3 in 
thick stack of 6 in x 6 in x 1 in insulation described above to get experimental data that would 
encompass our approximately 30 min wall tests.  Like our initial tests on the cone, we tested the 
3 in stack at heat fluxes of 25kW/m
2
, 50kW/m
2
, and 75kW/m
2
.  
 
Figure 46: 45 min 25 kW/m
2
 Test 
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Table 12: 45 min 25 kW/m
2
 Test Key Values 
  
 
Figure 47: 45 min 50 kW/m
2
 Test 
 
Table 13: 45 min 50 kW/m
2
 Test Key Values 
 
Time (min) T(,C) at 1 inch T (,C) at 2 inch T (,C) at 3 inch
0 21.87 21.16 21.66
15 281.18 72.58 24.61
30 323.23 142.00 39.98
45 333.66 167.92 52.20
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Time (s) 
50 kW/m2 Test 
1 inch
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3 inch
Time (min) T(,C) at 1 inch T (,C) at 2 inch T (,C) at 3 inch
0 37.23 21.51 26.13
15 425.88 116.57 33.67
30 478.48 230.45 78.26
45 490.95 266.02 105.34
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Figure 48: 45 min 75 kW/m
2
 Test 
 
Table 14: 45 min 75 kW/m
2
 Test Key Values 
 
 As can be seen in the tables above there were slight variations in the starting temperature 
at the 1
st
 thermocouple as drawn in Figure 21 shown previously.  This is likely due to prolonged 
exposure to the shielded cone prior to the test.  The 3
rd
 thermocouple also sometimes started at a 
higher temperature than thermocouple 1 and 2.  This is likely due to heating of the stand beneath 
the cone prior to mounting the three layer stack of insulation. 
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Time (min) T(,C) at 1 inch T (,C) at 2 inch T (,C) at 3 inch
0 25.03 23.27 32.57
15 422.43 124.12 40.38
30 463.60 255.28 93.03
45 474.96 293.17 126.90
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Appendix E 
Insulation Installation 
 
The steps for installing the exterior wall and insulation onto the aluminum rig are as 
follows. First, two layers of gypsum board shall be mounted to the rig, with the exterior wall test 
specimen then connected to the gypsum board. As can be seen in Figure 47, the next step is to 
connect the side aluminum side walls onto each side of the rig.  
 
Figure 49: Set-up prior to insulation installation 
 
Once the aluminum side walls are on, the insulation can be installed. The first task is to 
connect the insulation to gypsum board through the use of pins, as shown in Figure 48. After 
connecting the insulation to the gypsum, the pair can be mounted to the aluminum side walls 
through the use of C-clamps, as in Figure 49.  
 
Figure 50: Mounting the insulation to the pins 
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Figure 51: Mounting the insulation to the side panels 
 
The final step is to add the insulation to the torsion box. Three inches thick insulation 
should be placed on the complete top face of the torsion box, spreading the 5.25 inch width and 
stretching from end to end. The first half of Figure 50 displays this. The second half shows three 
inches of insulation covering the sides of the torsion box, and three inches of insulation covering 
the top and exposed sides of the front bar on the torsion box. 
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Figure 52: Protecting the torsion box 
 
Appendix F 
Rig calibration 
Instrumentation Rig Design 
In order to gather sufficient results from our burn experiments, it was important for us to design 
our test wall similar to that of the wall used in NFPA 285. This will allow us to compare our test 
wall data to the data in 285 and determine if our test provides an acceptable correlation to the 
NFPA 285 test. The dimensions of our test wall were determined to be 10 feet tall by 4 feet wide. 
The main source we used when determining appropriate instrumentation was figure 6.1(a) of 
NFPA 285, seen below. 
93 
 
 
Figure 53-NFPA 285 Instrumentation Design 
We took the idea of having internal and external thermocouples at height increments of 1 foot 
and directly translated that into our wall design, leaving us with 10 sets of 2 thermocouples, one 
internal one external, starting at 1 foot high and running up the center of our wall. We also 
included an internal and external thermocouple at the top of our 10 foot wall at ½ feet, 1 foot, 1 
½ feet, 2 ½ feet, 3 feet, and 3 ½ feet from the left edge, similar to the thermocouples at the top of 
the wall in NFPA 285 figure 6.1(a). This allows us to understand the temperature distribution 
across the whole top of the wall.  
It was also determined from figure 6.1(a) of NFPA 285 that calorimeters were necessary to place 
on our test wall. NFPA 285 only requires three calorimeters in their whole wall design. We 
decided that it would be better to design for an excess of thin-skin calorimeters compared to 
NFPA 285, which would allow us to get robust data collection from the wall. This robust data 
collection is necessary because we are performing a test on the accuracy of our scaled-down 285 
test, and we would like to have as much information as we can that will prove to us that our 
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scaled-down test is acceptable to NFPA 285 standards. For these reasons, we have placed 10 
thin-skin calorimeters up the center face of our wall, similar to the internal and external 
thermocouples. However, the thin-skins will be placed starting at the ½ foot mark and every foot 
thereafter.  
It was also important to us to not only gather data from the center of the wall but towards the 
edges as well. When determining how far right and left of the center of the wall we would have 
to place instruments, we decided to look a report produced by the Southwest Research Institute 
that details the full-scale NFPA 285 test done for Kreysler & Associates. An image from this 
report is seen below which shows the post-burn char markings on the test wall. We noticed that 
the char extends about halfway from the center of the wall towards the edge. For these reasons 
we decided to place thermocouples and thin skins on 1 foot and 3 foot point of the width of the 
wall. This would allow for data to be collected halfway between the center and edges of the wall. 
At the 1 foot and 3 foot wide mark, an exterior and interior thermocouple and a thin-skin 
calorimeter were placed at heights of 1 foot, 3 feet, and 5 feet. This allows us to gather 
temperature related data from the whole bottom half of our test wall.   
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Figure 54-Kreysler and Associates 285 Test 
The final piece of instrumentation that we included in our wall design was bi-directional probes, 
which will be used to determine the velocity of the fire plume at different heights and points 
along the x-axis of the wall. We placed five bi-directional probes at the 1 foot, 2 foot, and 3 foot 
mark on the x-axis, each at the 2 foot high mark. This allows for us to gather data in the zone 
where we assume the fire plume will be present. We then put a probe in the center of the wall at 
the 5 foot mark (halfway up the wall) and at the 7 foot mark in order to understand how the 
velocity of the smoke changes at it rises. When designing this wall, it was assumed that the 
burner will be placed at the zero foot mark on the wall, and it should be known that if the burner 
were to be dropped or raised any distance that the instrumentation can also be dropped or raised 
the same distance to accommodate. 
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Figure 55-Instrumentation Rig Design 
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Appendix G 
Practice wall Data and Analysis 
For the bulk of this project, the fire testing has been conducted on a practice rig that is 
geometrically related to the intermediate scale rig. Since the intermediate rig is not protected 
with the insulation yet, the tests had to be conducted on a different rig. 
Fire Testing: First Burn 
 Our first burn was a learning experience for both MQP groups.  Initially, due to a draft in 
the lab, the initial fire was slanted to the left.  We were able to fix this by rotating our calibration 
wall 90 degrees and centering the wall under the cone.  While there seemed to be a slight bias 
induced by the burner, the test went smoothly and yielded promising results. 
Some pictures from the burn are shown below. 
 
 
Figure 56: Pre-Test Burner Check 
98 
 
 
Figure 57: Initial Slant of the Flame 
 
 
Figure 58: Slight bottom-left bias of the burner 
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Figure 59: Remnants of the Calibration Wall with the perfect circle formations around the 
thin skins 
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Figure 60: Flame burning the paper within the wall 
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Detail on calibration wall 
Calibration Wall Design 
 The majority of our time spent in the WPI Fire Performance Laboratory during the 
project terms was devoted to instrumenting our calibration wall. In order to gather the 
appropriate data, we installed thermocouples and thin skin calorimeters at various specified 
locations in the wall. We also installed 24 inch sidewalls on each side of and perpendicular to our 
main wall. The sidewalls were covered with insulation in order to gather information on the 
effectiveness of the material. Detailed in this section are the steps we took to making the 
sidewalls, and instrumenting both the sidewalls and the calibration wall.  
Instrument Design 
 As was previously mentioned, the instruments we used on our calibration wall were 
thermocouples and thin skin calorimeters. In the very beginning of next term we will be adding 
bi-directional probes to the wall. It was more important for us to gather test data sooner rather 
than wait to fully calibrate and set up our bi-directional probes. For that reason we tested as soon 
as we could after the thermocouples and thin skins were put into the wall.  The thermocouples 
we added to the wall were made by stripping the ends of thermocouple wire and welding 
together the two exposed wires of end, and connecting the opposite end to a plug that connects to 
the DAQ system in order to retain temperature data. The thin skin calorimeters that we added to 
the wall were made by welding thermocouple wire to a stainless steel plate and putting the 
unwelded end through two layers of insulation and capped off on the back end for stability with 
calcium silicate board. Two thermocouples were added, one in between both pieces of insulation 
and one in between the second piece of insulation and the calcium silicate. The unwelded end 
was then connected to a plug that connects to the DAQ system in order to retain temperature 
data. 
Calibration Wall Instrumentation 
 The full layout of the calibration wall that we used for our test can be seen at the end of 
this section. Holes for the thermocouples were first drilled into the front and back face of the 
wall at their predetermined locations. We waited to connect the unwelded end of the 
thermocouples to their plugs because it was easier to put them through the wall without their 
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plugs screwed on. Ends of the thermocouples were positioned an inch away from the calibration 
wall, as specified in NFPA 285. Fire resistant cement was placed around the thermocouples at 
the points where they extended from the wall in order to seal them into place. This also helped to 
keep the hot air from the burner from entering the space in between the front and back sides of 
the wall. The initial test calibration wall collected data from 13 thermocouples, not including the 
sidewalls.   
 Our next step was to add the thin skin calorimeters to the calibration wall. To do this we 
drilled larger holes into the back face of the wall (to accommodate for multiple wires from one 
thin skin) and cut square holes into the front face of the wall in order to fit the actual thin skin 
stack into the wall. We then weaved the wires through the front face and out of the back face of 
the wall, and secured the thin skins in place. It was important for us to make sure the thin skin 
plate was flush with the front face of the wall. To do this we had to secure the thin skins in place 
by stuffing the area between the edge of the thin skin and the cutout area with insulation. Not 
only did this secure the instruments in place but it also prevented the hot air from the burner from 
entering the inner area of the calibration wall. Similar to the thermocouples, we cemented the 
points where the thin skin wires extended from the back face of the calibration wall. This helped 
to secure them in place. A picture of a secured thin skin and thermocouple on the front face of 
our wall can be seen in Figure #9 below. Note that the fire resistant cement was not added 
around the thermocouple at this time, but was before the test was underway. 
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Figure 61: Mounted Thin Skin and Thermocouple 
Sidewall Instrumentation 
As it was previously mentioned we created sidewalls and covered them with insulation in 
order to test the insulation properties. Each sidewall extended 24 inches perpendicular to the 
main wall. The left sidewall was made from one inch of insulation on top of a piece of gypsum 
board for support. In between the insulation and the gypsum board we put seven thermocouples 
to gather temperature data that we could use to determine how effective the insulation is. Their 
exact locations can be seen at the end of the section in Figure 57. The left sidewall was then 
positioned at a 90 degree angle to the main wall and screwed onto the frame. The right sidewall 
is exactly the same as the left side wall except for the gypsum board used for stability has 
squares cut out of it where the thermocouples are located. This allows us to compare the how the 
effect of the insulation changes when there is a layer of air behind it.  
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In order to put the thermocouples into the sidewall, we dug out small trenches in the 
gypsum board of the frame (separate from the gypsum board used for stability of the sidewall) 
that were deep enough to fit the thermocouple wire. The thermocouple wires were then stapled 
into place. This allowed the sidewall to be placed flush against the frame. Two thermocouples 
were stapled into place in between the sidewall frame and the actual insulation sidewall that we 
put onto the frame. They were located directly next to the thin skin calorimeters in the sidewall 
so that the data gathered would be similar. Squares were cut out of the sidewall for the thin skin 
calorimeters, which were then placed into the wall. Their exact locations can be seen in Figure 
57. Similar to the thin skins in the main calibration wall, we had to stuff insulation around the 
edges to secure it in place, this time flush with the insulation on the sidewall. The full calibration 
wall can be seen below in Figure 56.  
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Figure 62: Calibration Wall Instrumentation 
 
Figure 57 below shows the locations of each instrument that we used in the first test. It 
should be noted that our instruments only went up to 5 feet because we believed this would be 
the height of the flame. Figure 57 shows the main wall as well as the calibration wall. The 
sidewalls were drawn as parallel to the main wall to show their design; in reality they are 
perpendicular to the main wall. The main calibration wall is four feet wide. 
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Figure 63: Instrumentation Drawing 
 
Detail on data collected  
Detail Data Collection on Fire Test 1 
 As mentioned before in the calibration wall design, we had many thermocouples and thin 
skin calorimeters set up in our first burn test. These devices were set up according to our design 
developed in B term. Along with those instruments on the wall, the side panels were 
instrumented and layered with insulation. Thin skins calorimeters were placed flush with the 
insulation to attempt to measure the possible heat fluxes seen on the test. Thermocouples were 
also placed at depth behind the insulation and the gypsum board wall. These thermocouples were 
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placed to test our air gap waffle design along with the temperatures seen through one inch of 
insulation and a layer of gypsum board. 
 During the test, the DAQ system and LABVIEW were utilized to obtain the temperature 
values from the thermocouples and the thin skin calorimeters. From the beginning of the test 
until the end, temperature measurements were taken once every minute and were recorded in 
LABVIEW. This data was then exported to Excel and analyzed accordingly.  
Temperature and Heat Flux Data 
 Since there were many points to reference, we chose a point that had obtained very 
reasonable data. This point was located two feet above the top of the window in our test.  The 
burner was located nine inches below the top of the window. At the location J37 on our main 
wall, which is at the two feet mentioned before, the temperature profile can be seen below: 
 
Figure 64: Temperature Profile at J37 
At the same point, the heat flux can be seen below: 
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Figure 65: Heat Flux at J37 
Since these data points fluctuate in the fire, a filter was provided to attempt to remove “the 
noise” in the graphs and give a more accurate representation of the data. The graphs from before 
can be seen below with the filter applied.   
 
Figure 66: Temperature Profile at J37 with noise filter 
For this graph, we applied a filter that averaged fifteen points around each point was averaged to 
create a new point. A picture of this can be seen below. 
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Figure 67: Average for Noise Filter 
 Looking through cases where the raw data is compared to the filtered data, the percent 
difference is very small overall so we can assume the filter does not change the data 
dramatically. At the temperature profile of point J37, the largest percent difference between the 
filter and the data is 2-3% which is of course very minimal. If you compare the two temperature 
graphs, you can clearly see the filtering has smoothed out the data to be more presentable to be 
used for further analysis. 
For the heat flux graphs at the same point, a similar filter can be applied.  
 
Figure 68: Heat Flux at J37 with noise filter 
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 After looking at the two graphs, the “noise” in the original data has been mostly 
smoothed out. This data can be represented to analyze further the correlation between the mass 
flow rate of the propane and the heat fluxes measured. 
 As you can see from the graphs in the appendix, higher temperature profiles were 
experienced close to the burner. The same observation can be seen with the thin skins. The closer 
to the burner the thin skins are, the higher heat flux they experienced. Another important 
observation we can make is that as the mass flow rate of the gas going into the burner increased, 
so did the measured heat fluxes at each thin skin. 
One major finding in the test is that we did not design the rig to be able to hold up to such 
an intense and long fire. Between the two walls was burning at the end of the test so we theorize 
that our thin skins calorimeters were inaccurate because the inner layers were being heated by a 
source not on the plate. Since this many very be the situation, most of the readings on the wall 
will be discarded for the remainder of the report. While the heat fluxes may not be affected too 
much, we do not want the integrity of the testing to be compromised if we used this data. 
The other temperature and heat flux measurements can be seen below. 
 
Figure 69 - Temperature Profile 
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Figure 70 - Temperature Profile 
 
Figure 71 - Temperature Profile 
0
200
400
600
800
1000
1200
0 200 400 600 800 1000 1200 1400 1600 1800
Te
m
p
er
at
u
re
 (
C
) 
Time (s) 
G23
G27
G28
0
200
400
600
800
1000
1200
0 200 400 600 800 1000 1200 1400 1600 1800
Te
m
p
er
at
u
re
 (
C
) 
Time (s) 
H32
I36
J37
112 
 
 
Figure 72 - Temperature Profile 
 
Figure 73 - Temperature Profile 
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Figure 74 - Temperature Profile 
 
Figure 75 - Temperature Profile 
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Figure 76 - Temperature Profile 
 
Figure 77 - Temperature Profile 
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Figure 78 - Temperature Profile 
 
Figure 79 - Heat Flux Profile 
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Figure 80 - Heat Flux Profile 
 
Figure 81 - Heat Flux Profile 
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Figure 82 - Heat Flux Profile 
Side Panel Analysis 
 One of the most important finding in our first fire test was the data collected on the side 
panels of the wall. As stated before, the side panels were set-up to emulate how the large scale 
rig will geometrically affect the burner in place. Also, these panels are insulated with the ceramic 
blanket we plan to use on the rig. Under the blanket, thermocouples were placed at depth to test 
the expected temperatures felt by the side walls. The best data observed was at a point three feet 
above the top of the window. The raw temperature values can be seen below. 
 
Figure 83 - Temperature Profile 
Figure 84: Raw Temperature from behind 1 inch of insulation, 33 inches above the burner 
 This data was collected from a thermocouple, as stated before, 3 feet above the top of the 
window. It was placed under the one inch of ceramic blanket and was placed about four inches 
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away from the face of the main wall on the left side of the wall. At the same point, a thin skin 
calorimeter was placed to capture the heat flux. The heat flux measurements are shown below. 
 
Figure 85 - Heat Flux Profile 
Figure 86: Heat Flux on side panel, 33 inches above the burner 
 Since our thin skin calorimeters are sensitive instruments and the fire isn’t perfectly 
steady, we can see the trend line of the data is “noisy”. Applying a filter described earlier in this 
paper, a new trend line of the data can be observed. 
 
Figure 87 - Heat Flux Profile 
Figure 88: Heat Flux on side panel, 33 inches above the burner with noise filter 
With the data above, heat flux measurements can be compared to a similar heat flux 
measurement on the mid-line of the wall. This heat flux can be seen below after applying the 
filter. 
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Figure 89 - Heat Flux Profile 
Figure 90: Heat Flux on the center line of the main wall, 33 inches above the burner 
 It can be observed that the midline heat flux is about 60-65 kW/m^2 about 1100 seconds 
after the beginning of the test. The side panel only is readings about 40 kW/m^2 at this same 
time. If we compare the two measured heat flux, we can see that the side panel is seeing a fairly 
constant difference in the heat flux ranging between 20-30 kW/m^2 or ranging a difference of 
40-60%. This means that the side panels are experiencing about 40-60% less heat flux at the 3 
foot point above the top of the window.  
NFPA 285 Comparison 
 From the data collected, the measurements collected were much greater than the 
calibration data from NFPA 285. The heat flux measurements were much higher than expected 
and our thermocouple readings were also much higher. In our next test, we will try to emulate 
the NFPA measurements by adjusting the burner accordingly. NFPA 285 data for calibration can 
be seen below. 
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Table 15: NFPA 285 Calibration Temperature 
The data presented above in the temperature and heat flux values section is at the location of 2 
feet above the top of the window. Looking at this data it can be observed that our values are 
much higher than those of NFPA 285. 
 From our side panel analysis, we can see that the heat flux measurements are very 
different ranging from the mid line to the side panels. Since a larger portion of the rig that must 
be insulated is the side panels, this experiment is very intriguing. Assuming a similar shaped 
flame (just smaller in size) on the rig is replicated, a heat flux of about 40-60% less than that 
expected on the test can be assumed. With that being said, a heat flux at the end of the test 
(which is the hottest stage) of about 16-24 kW/m^2 can also be assumed. This is calculated by 
using the given tolerance in NFPA 285 and using an average percent difference of 50%. 
Fire Testing: Second Burn 
Detail on second calibration wall 
For our second burn the calibration rig was redesigned to better represent the final rig we will be 
working on. The entire rig was lifted above the ground to simulate the space under the final rig 
that will be experimented on. Another large improvement to this rig was the material chosen to 
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test on. Originally, normal gypsum board was used for our first burn. During that burn, the 
gypsum board was incinerated so redesigning was a must. The second test was conducted on a 
layer of ceramic fiber board and a layer of typeX gypsum board. Both of these materials are 
incombustible, so many tests on the calibration wall were able to be conducted. Another 
adjustment made from the first burn was to change the volumetric flow rate of the propane. The 
first test was run on the same flow rates as the line burner in the full NFPA 285 test. In this 
second burn, the flow rates were lowered from the previous test because the first burn was too 
hot. Twenty different flow rates were experimentally run in this test to better understand the 
flame and better match our data to NFPA 285’s data. The figure below accurately shows the 
location of each thermocouple and thin skin used in this calibration wall. Each distance between 
the instruments is one foot. 
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Figure 91 - Calibration Wall 
Detail on data collected  
The first table below shows the average temperature at each thermocouple for each volumetric 
flow of the propane. 
Table 16 - Temperature Data 
CF
M A1 A2 A3 A4 
A5 - 8 
feet A6 A7 A8 A9 
B10 - 7 
feet 
C11 - 6 
feet 
D15 - 5 
feet E19 
E23 - 4 
feet E27 
F31 - 3 
feet G35 
G39 - 2 
feet G43 
H47 - 1 
foot 
1 
27.24 23.98 20.14 18.54 17.58 16.86 16.30 16.17 16.03 17.94 18.93 20.75 28.28 23.14 19.62 26.11 45.36 32.67 25.40 42.83 
1.5 
61.30 53.33 44.31 39.24 35.84 34.50 32.44 29.86 27.81 39.07 45.00 54.22 78.15 2156.91 49.21 80.41 
142.9
9 109.77 71.44 173.95 
2 
74.36 64.07 49.49 42.80 39.52 37.97 34.89 31.53 30.25 42.87 49.90 59.37 88.31 2275.82 54.12 92.24 
181.2
7 131.23 78.93 215.77 
2.5 
89.87 76.01 59.00 50.40 44.47 41.37 37.45 35.99 35.14 48.68 56.29 65.96 
101.9
8 2275.76 60.60 105.56 
222.5
2 151.66 96.17 252.00 
3 
95.01 79.06 62.13 52.82 47.26 46.01 45.09 42.73 41.02 52.97 63.28 76.92 
118.8
0 2275.72 76.26 131.57 
251.6
1 192.00 
119.2
7 329.55 
3.5 
109.3
5 89.39 68.79 58.20 52.01 48.12 43.49 39.90 38.92 57.34 66.93 80.90 
137.8
6 2275.69 69.70 141.79 
296.2
6 218.47 
112.6
0 360.81 
4 
125.9
8 
100.4
1 74.20 61.20 55.62 53.07 50.90 50.92 51.55 61.81 73.77 91.54 
151.6
9 2275.68 89.83 165.03 
353.5
7 239.93 
156.0
1 398.76 
4.5 
122.0
0 
100.1
5 79.25 70.93 67.34 65.52 64.12 64.12 63.95 74.76 90.49 111.41 
157.9
6 2275.70 
118.8
7 925.85 
320.5
3 292.69 
223.8
5 439.15 
5 
120.9
4 
102.5
5 84.22 79.91 79.10 80.85 81.71 84.77 87.13 89.40 110.68 138.02 
168.9
4 793.91 
171.3
8 475.27 
364.3
9 375.39 
343.1
6 550.46 
5.5 
132.0
3 
106.6
4 84.72 77.63 75.08 75.90 77.86 85.45 90.85 85.43 107.39 138.94 
179.6
0 356.90 
161.9
2 411.64 
402.4
3 407.24 
324.0
1 589.65 
6 
142.9
5 
117.4
6 93.49 83.58 80.87 82.31 82.82 89.24 93.16 92.09 114.70 145.53 
201.0
8 309.37 
176.1
9 348.61 
442.3
3 409.30 
353.9
6 587.35 
6.5 
138.0
7 
112.3
7 91.01 84.84 84.62 89.39 95.39 
105.5
0 
112.4
8 97.92 125.57 162.80 
197.4
5 307.63 
219.2
1 338.35 
430.6
2 457.53 
436.0
3 635.78 
7 
143.8
3 
120.0
1 96.99 91.88 94.06 99.31 
104.3
6 
108.6
9 
110.2
4 108.43 138.39 176.78 
210.1
7 307.99 
222.3
2 353.09 
442.7
3 479.02 
424.2
9 659.69 
7.5 
153.5
9 
124.1
5 
103.3
3 95.58 94.23 97.62 
101.9
6 
113.3
5 
121.7
1 108.05 137.92 179.74 
210.2
3 271.22 
226.5
3 338.51 
422.4
7 456.85 
437.3
0 620.89 
8 
172.0
9 
172.0
9 
110.6
9 97.49 93.44 97.17 
101.4
9 
108.3
3 
114.0
6 105.77 130.96 166.69 
228.3
0 254.02 
239.8
5 332.47 
466.3
3 453.18 
436.4
7 609.02 
8.5 
160.8
5 
137.1
5 
113.2
4 
109.1
3 109.60 
116.1
2 
123.3
1 
135.6
2 
140.6
9 126.74 165.10 219.44 
250.8
9 329.27 
313.8
7 426.08 
497.3
0 561.91 
550.0
5 739.82 
9 
176.8
0 
140.9
5 
105.9
7 98.13 97.18 
101.8
8 
108.6
2 
119.2
2 
126.5
1 113.52 141.94 179.56 
225.8
0 275.40 
253.5
0 347.32 
470.0
1 461.68 
469.6
0 622.47 
9.5 
177.0
1 
147.6
3 
115.6
1 
104.4
7 108.65 
109.5
1 
118.3
0 
127.8
5 
137.4
2 125.21 162.87 215.89 
264.8
9 323.80 
276.1
0 417.26 
499.9
0 542.29 
498.5
1 699.11 
10 
201.2
7 
165.5
9 
124.6
3 
111.2
9 107.40 
109.8
6 
107.2
1 
108.6
0 
115.7
4 126.37 164.75 216.06 
280.8
0 315.26 
236.6
5 394.33 
563.2
2 528.25 
428.9
2 682.86 
10.5 
184.2
3 
152.5
1 
122.1
5 
119.6
6 123.51 
127.8
6 
132.5
0 
141.0
6 
143.7
2 144.97 190.66 247.07 
274.9
7 360.36 
326.6
5 452.76 
527.8
1 595.38 
549.6
2 740.70 
*The highlighted columns represent that the measurements occurred on the centerline of the rig.* 
The next charts show the temperature measurements at specific points on the rig. The locations 
on the rig are noted in the figure above. 
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Figure 92 - Temperature Profile 
 
Figure 93 - Temperature Profile 
 
Figure 94 - Temperature Profile 
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Figure 95 - Temperature Profile 
 
Figure 96 - Temperature Profile 
 
Figure 97 - Temperature Profile 
*in this burn, we had a thermocouple malfunction, so any data above 1000C is disregarded* 
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In the same burn, heat flux measurements were collected at many locations. In the figure 
describing the locations of the instruments, you can clearly see where the thin skin calorimeters 
are located. In the graphs following, the heat flux at specific points can be seen for this test. 
 
 
 
Table 17 - Heat Flux Data 
CFM C12-14  D16-18 E20-22 E24-26 E28-30 F32-34 G36-38 G40-42 G44-46 H48-50 U51-53 
1 -0.05 -0.03 0.15 0.01 -0.03 0.17 0.56 0.04 0.13 0.18 1.84 
1.5 0.54 0.65 1.43 0.98 0.72 1.72 3.37 1.83 1.48 2.46 8.52 
2 0.69 0.81 1.72 1.27 0.90 2.21 4.66 2.69 1.83 3.46 13.64 
2.5 0.85 1.00 2.07 1.44 1.13 2.43 6.22 3.25 2.44 6.54 17.56 
3 1.03 1.27 2.47 1.90 1.53 3.22 7.16 4.33 3.02 12.05 17.88 
3.5 1.14 1.40 2.93 2.02 1.42 3.52 8.93 5.43 2.99 11.30 20.66 
4 1.26 1.61 3.44 2.27 1.96 4.05 12.06 6.26 4.26 6.52 26.35 
4.5 1.68 2.05 3.38 2.96 2.83 5.37 10.71 8.60 7.02 10.75 27.56 
5 2.15 2.64 3.81 3.83 4.36 7.15 12.59 12.36 12.00 14.61 36.34 
5.5 2.00 2.67 4.06 3.99 3.84 7.78 14.48 13.67 9.96 16.71 40.21 
6 2.24 2.92 4.78 4.35 4.38 8.52 17.14 15.60 11.86 18.21 42.87 
6.5 2.38 3.14 4.58 4.83 5.80 9.47 16.02 17.61 17.22 20.59 44.55 
7 2.79 3.67 5.17 5.57 5.78 11.53 17.36 19.75 15.91 21.68 40.36 
7.5 2.74 3.71 4.95 5.32 5.89 10.19 16.40 18.25 16.54 21.15 43.62 
8 2.54 2.54 5.78 5.06 6.46 9.71 20.28 17.78 17.32 21.37 42.95 
8.5 3.43 4.80 6.52 7.62 9.39 15.58 20.74 25.78 25.74 23.98 45.98 
9 2.86 3.93 5.88 5.78 7.13 10.94 21.73 19.55 19.31 22.60 46.60 
9.5 3.27 4.72 7.23 7.46 7.76 14.73 22.40 23.78 21.38 23.74 49.65 
10 3.43 5.00 8.29 7.54 6.44 13.51 28.93 22.59 15.91 24.21 47.74 
10.5 3.89 5.62 7.56 8.74 9.61 16.96 23.18 27.01 24.81 25.67 47.48 
*The highlighted columns represent that the measurements occurred on the centerline of the rig.* 
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Figure 98 - Heat Flux Data 
 
Figure 99 - Heat Flux Data 
 
Figure 100 - Heat Flux Profile 
From the data collected during this burn, our group was able to analyze the temperatures and 
heat fluxes to better understand how the burner is working. If the temperature and heat flux are 
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compared on the sides of the centerline, we can see a general trend that they are similar but the 
left side is favored by the burner. We believe that this could be caused because the burner may 
not have been leveled correctly to give a symmetric flame. In our next burns, we will try to level 
the burner to achieve better data. 
Fire Testing: Third Burn 
Detail on data collected  
During our third burn test, the same practice rig as the last burn in terms of instrumentation setup 
was used. In this test, different flow rates were utilized provided by the MQP group we are 
working with. These rates were smaller compared to any rates we have tested before but they 
were more precise to study. Smaller rates are used for now to better understand how the practice 
rig affects the flame and the effectiveness of the burner. Similarly to the last test, the temperature 
data is shown below. Also, the charts that average the temperature or heat flux over each 
volumetric flow rate can be seen below. 
Table 18 - Temperature Data 
CF
M A1 A2 A3 A4 
A5 - 
8 
feet A6 A7 A8 A9 
B10 
- 7 
feet 
C11 - 
6 
feet 
D15 
- 5 
feet E19 
E23 - 
4 
feet E27 
F31 - 
3 
feet G35 
G39 
- 2 
feet G43 
H47 
- 1 
foot 
2.4
3 
98.3
9 
81.6
5 
66.5
9 
61.
07 
58.
17 
54.
30 
51.
16 
48.2
6 
44.4
6 
62.
49 
73.1
2 
86.4
0 
114.
98 
107.
71 
86.1
0 
147.
91 
246.
67 
201.
12 
157.
22 
343.
93 
3.2
4 
119.
71 
96.3
3 
80.8
9 
66.
85 
64.
46 
62.
13 
58.
78 
55.5
3 
53.9
0 
70.
22 
82.3
4 
100.
02 
135.
56 
128.
27 
104.
51 
178.
80 
300.
02 
258.
23 
184.
78 
421.
58 
4.3
1 
153.
41 
121.
75 
330.
92 
76.
89 
71.
60 
70.
88 
69.
76 
67.4
5 
64.0
7 
77.
04 
91.1
3 
109.
43 
162.
60 
140.
64 
128.
80 
200.
17 
343.
42 
289.
12 
258.
23 
432.
19 
5.1
2 
148.
51 
118.
80 
297.
97 
82.
31 
81.
12 
81.
69 
80.
65 
81.6
4 
81.5
9 
91.
09 
110.
37 
135.
71 
164.
35 
179.
35 
159.
03 
265.
71 
357.
94 
385.
41 
314.
91 
559.
98 
5.9
4 
138.
49 
110.
20 
313.
68 
79.
02 
77.
16 
82.
84 
91.
14 
106.
13 
113.
34 
86.
49 
106.
42 
133.
63 
166.
49 
175.
85 
191.
60 
260.
54 
353.
01 
366.
37 
405.
97 
547.
70 
*The highlighted columns represent that the measurements occurred on the centerline of the rig.* 
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Figure 101 - Temperature Profile 
*Location A3 had a faulty thermocouples as evident by the data presented* 
 
Figure 102 - Temperature Profile 
 
Figure 103 - Temperature Profile 
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Figure 104 - Temperature Profile 
 
Figure 105 - Temperature Profile 
 
Figure 106 - Temperature Profile 
Also in this test we had many thin skin calorimeters to capture the heat flux at different points. The heat 
flux values can be seen below. 
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Table 19 - Heat Flux Data 
CFM 
C12-
14  
D16-
18 
E20-
22 
E24-
26 
E28-
30 
F32-
34 
G36-
38 
G40-
42 
G44-
46 
H48-
50 
U51-
53 
2.43 
1.38 1.56 2.92 2.31 1.99 3.93 8.61 4.63 4.54 3.95 
-
0.11 
3.24 
1.63 1.95 3.30 2.77 2.57 4.66 11.03 6.74 5.23 6.61 
-
0.10 
4.31 1.79 2.16 4.14 3.13 3.32 5.37 13.67 8.07 7.53 8.27 0.02 
5.12 2.24 2.79 4.10 4.05 4.12 7.22 13.78 12.21 10.02 11.01 0.35 
5.94 2.09 2.70 4.00 3.75 5.12 6.61 12.39 12.02 15.57 11.87 0.65 
*The highlighted columns represent that the measurements occurred on the centerline of the rig.* 
 
 
Figure 107 - Heat Flux Profile 
 
Figure 108 - Heat Flux Profile 
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Figure 109 - Heat Flux Profile 
Throughout burn two and burn three, a similar trend can be seen throughout the testing. At measured 
locations not on the midline, the temperatures and heat fluxes values are similar across the midline. At 
locations that are two and four feet above the window, the temperatures and heat fluxes are extremely 
similar when the profiles in the graphs are compared during burn two and burn three. This proves that the 
burner is relatively giving a symmetric flame profile, which is what we strive for in these testing’s. Since 
we can nominally assume that our flame will act symmetrically, the next testing will only focus on 
matching the temperatures and heat fluxes of the midline to those of NFPA 285. 
 
Fire Testing: Fourth Burn 
Detail on data collected  
During burn four, flow rates we attempted to match with those of NFPA 285. We used flow rates in the 
following graph that will produce similar temperature and heat flux measurements as NFPA 285. One 
major modification we made was to move the burner closer to the wall. In NFPA 285, the burner distance 
allows for some modification. The burner was move closer to the wall to be able to achieve more accurate 
temperatures than before. 
Temperature data 
Table 20 - Temperature Data 
CFM 1 foot 2 feet 3 feet 4 feet 5 feet 6 feet 7 feet 8 feet 
4.77 603.24 470.09 365.61 248.22 184.49 144.16 113.04 98.19 
9.6 749.9 695.2 639.88 496.08 394.13 308.14 225.45 185.68 
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11.97 773.37 709.6 694.35 542.81 435.26 354.47 265.35 214.4 
13.63 768.23 721.54 723.43 586.35 486.5 399.03 291.55 235.09 
15.11 779.83 748.67 745.32 611.53 509.13 426.43 323.36 260.57 
17.26 782.84 737.02 744.11 615.57 521.05 457.47 352.44 284.85 
 
 
Figure 110 - Temperature Profile 
 
Figure 111 - Temperature Profile 
Heat Flux data 
Table 21 - Heat Flux Data 
CFM 1 foot 2 feet 3 feet 4 feet 5 feet 6 feet 
4.77 9.98 17.7 12.53 6.66 4.35 3.52 
9.6 15.52 35.02 30.65 19.5 13.47 9.28 
11.97 16.62 36.65 32.2 21.91 15.73 10.92 
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13.63 18.11 40.54 37.01 26.51 19.4 12.89 
15.11 19.75 43.07 39.71 28.74 21.9 14.83 
17.26 20.28 44.05 41.39 30.67 24.17 17.06 
 
 
Figure 112 - Heat Flux Profile 
 
Figure 113 - Heat Flux Profile 
Fire Testing: Fifth Burn 
Detail on data collected  
 
Table 22 - Temperature Data 
CFM 
A1 A2 A3 A4 
A5 - 8 
feet A6 A7 A8 A9 
B10 - 
7 feet 
C11 - 
6 feet 
D15 - 
5 feet E19 
E23 - 4 
feet E27 
F31 - 3 
feet G35 
G39 - 
2 feet G43 
H47 - 
1 foot 
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4.4 
212.71 205.08 417.87 178.81 177.62 168.96 148.17 126.23 106.32 211.35 274.90 358.41 394.60 487.99 278.85 600.74 601.76 634.40 366.59 677.73 
5.8 
280.38 246.44 351.46 186.84 184.79 182.97 167.21 153.23 134.03 221.81 290.44 373.96 426.63 507.08 328.27 612.57 641.49 651.99 427.55 689.36 
7.5 
395.09 342.21 367.28 243.47 238.86 233.34 215.56 199.92 176.61 298.53 391.64 476.75 534.24 611.31 416.75 704.13 741.64 709.82 482.97 730.85 
8.9 
405.76 360.00 344.13 311.57 325.33 331.17 311.90 280.41 232.90 401.93 504.06 593.70 591.51 731.84 518.98 797.77 762.83 773.77 556.46 770.80 
10.2 
534.05 471.40 418.52 380.93 382.05 372.53 346.32 300.10 246.12 457.73 553.78 638.19 662.03 770.57 516.48 820.20 809.90 789.78 526.37 777.20 
 
 
Figure 114 - Temperature Profile 
 
Figure 115 - Temperature Profile 
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Figure 116 - Temperature Profile 
 
Figure 117 - Temperature Profile 
 
Figure 118 - Temperature Profile 
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Figure 119 - Temperature Profile 
 
 
 
Table 23 - Heat Flux Data 
CFM 
C12-14  D16-18 E20-22 E24-26 E28-30 F32-34 G36-38 G40-42 G44-46 H48-50 
4.4 8.22 12.28 18.27 18.76 11.32 27.31 36.91 34.74 18.50 12.88 
5.8 8.24 12.90 19.68 19.14 13.14 27.48 37.50 33.87 19.82 16.33 
7.5 13.08 19.88 29.83 27.55 18.72 37.13 47.16 40.82 22.85 19.36 
8.9 20.75 29.81 34.00 38.38 27.11 46.41 48.12 46.60 30.99 21.20 
10.2 24.86 33.32 42.45 42.30 26.16 50.87 54.66 48.39 26.74 22.81 
 
 
Figure 120 - Heat Flux Profile 
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Figure 121 - Heat Flux Profile 
 
Figure 122 - Heat Flux Profile 
Fire Testing: Sixth Burn 
Detail on data collected  
Table 24 - Temperature Data 
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L/min 
A5 - 8 
feet 
B10 - 
7 feet 
C11 - 
6 feet 
D15 - 
5 feet E19 
E23 - 4 
feet E27 
F31 - 3 
feet G35 
G39 - 
2 feet G43 
H47 - 
1 foot 
140 204.62 252.60 337.71 433.67 379.27 583.09 326.17 702.03 562.49 700.28 418.46 724.34 
175 199.81 247.41 323.28 419.38 468.21 553.89 338.62 651.49 689.76 679.01 439.27 713.27 
210 177.53 215.30 284.64 372.87 533.15 465.94 251.85 550.14 769.38 615.56 307.68 683.06 
240 356.25 432.23 534.00 619.46 617.58 741.95 469.24 790.94 785.24 775.08 512.84 784.36 
100 97.36 113.02 138.44 163.58 240.09 227.84 173.48 314.73 496.18 408.57 283.06 501.22 
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Figure 123 - Temperature Profile 
 
Figure 124 - Temperature Profile 
 
Figure 125 - Temperature Profile 
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Figure 126 - Temperature Profile 
 
Table 25 - Heat Flux Data 
L/min D16-18 E20-22 E24-26 E28-30 F32-34 G36-38 G40-42 G44-46 H48-50 
140 16.61 17.96 24.78 14.79 33.76 34.35 38.29 22.03 12.11 
175 14.98 22.56 21.26 14.26 29.81 40.67 35.87 21.76 15.70 
210 14.09 30.60 19.13 9.76 25.94 49.77 31.27 12.16 17.36 
240 30.64 34.98 37.66 24.85 44.60 48.56 44.07 29.14 19.68 
100 3.02 6.39 4.24 3.74 9.44 24.73 16.80 9.92 17.58 
 
 
Figure 127 - Heat Flux Profile 
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Figure 128 - Heat Flux Profile 
 
 
Figure 129 - Heat Flux Profile 
 
 
Appendix H 
2D Plume theory 
One way to examine the data collected is to look into the two dimensional plume theory 
that is documented in a report by Yuan and Cox. This report explains flame height as it relates to 
the temperature of the flame. The basic theory is to graph a ratio of height of the thermocouple 
used to the heat release rate of the fuel with the temperature at the thermocouple. In order to find 
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the heat release rate, properties of the propane gas that is being used must be found. In order to 
use this, the chemical heat of combustion of 43.7 kJ/mol and the total heat of combustion of 46 
kJ/mol must be used. In the following equation, the heat of chemical combustion divided by the 
heat of combustion is used find the coefficient X. 
 
𝐻𝑅𝑅 = 𝑋 ∗ 𝐻𝑐ℎ𝑒𝑚 ∗ ?̇? [32] 
 
The mass flow is the variable in the equation that changes when the volumetric flow 
changes in the test. Since the mass flow controller in the lab uses volumetric flow, it must be 
converted to mass flow. Using the density value of 1.88 kg/m
3
, the mass flow mass flow of the 
propane can be found.  Now that the heat release rate of the propane is known, the heat release 
rate per meter of the burner can also be found. By dividing by the length of the slot in the burner, 
a better representation of the data can be shown. 
The next step of the calculation is understanding how the data is represented in the Yuan 
and Cox paper. In their paper, they formulate the following equation to understand the 
relationship between height and temperature. 
 
∆𝑇 = 𝐵 ∗ (
𝑍
?̇?′
2
3⁄
)(2∗𝑛−1) 
 
 
[33] 
The  ?̇? in the equation above stands for the heat release rate per unit length of the 
propane. The Z in the equation stands for the distance from the burner that the thermocouple on 
the wall is placed. The B and n in the equation are based off of the following table.  
Table 26 - Plume Theory Constants 
Ratio Type of Region B n 
6 ≥
𝑧
𝐿
≥ 1 Thermal Plume 7.2 0 
1 ≥
𝑧
𝐿
≥
1
2
 
Intermittent Flame 11.8 0 
143 
 
1
2
≥
𝑧
𝐿
 
Continuous Flame 898 1/2 
 
The ratio of height above the burner (Z) divided by the flame height (L) is used to dictate which 
B and n constants to use in the equation to solve for the temperature. After finding the proper B 
and n for each data point, the data can be graphed in terms of temperature versus normalized 
height (z/?̇?′
2
3⁄ ). Below, we can see the theoretical temperature compared to the actual 
temperature of the thermocouples of many different volumetric flows on our second burn. 
 
Figure 130 - 2.43 CFM Plume Theory 
 
 
Figure 131 - 3.24 CFM Plume Theory 
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Figure 132 - 4.31 CFM Plume Theory 
 
 
Figure 133 - 5.94 CFM Plume Theory 
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Figure 134 - 5.12 CFM Plume Theory 
 
 
Figure 135 - 4.77 CFM Plume Theory 
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Figure 136 - 9.6 CFM Plume Theory 
 
 
To better understand the relationship between flame height and heat release rate, we used the 
known bounds found by graphing experimental data. Along with bounds of z/L=0.5 and z/L=1.0, 
we used the formula provided by the Yuan and Cox paper below. 
 
 
 
 
[34] 
 
Using these equations, the following simplified equation is used. 
 
𝐿 = 𝛾
𝑄′̇
2
3⁄
𝐶
 where 𝑐 = (𝜌0𝑐𝑝𝑇𝑔
1
2⁄ )
2
3⁄  
 
 
[35] 
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Using the bounds described above along with known flame height at a given heat flux we can 
plot the data that is described in the theory. Below is the graph showing the temperatures at 
various heights and at various flame regions of flame. 
 
Figure 137 - Theoretical Temperature 
 
Since the theory is not as precise as we would like (there is discontinuity at each bound), the 
theory will be investigated further to better understand it. Solving out the Yuan and Cox 
simplified equation, we get the following expression from the theory. 
                                                                       𝐿 = .033?̇?′
2
3⁄                                                              [36] 
 
Using the data we collected, and an eyeballed flame height, we achieve the following equation. 
 
𝐿 = .02?̇?′
2
3⁄  
 
 
[37] 
 
Since these values are not exact, there is the possibility that the theory can overshoot near the 
bounds. The graph below shows exactly this. 
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Figure 138 - 13.63 CFM Plume Theory 
 
In order to fix this issue, we must change the bounds that Yuan and Cox use. Using a different 
bound is not a major change, but can be justified because our flame conditions are very different 
from the Yuan and Cox paper. They had a line burner in the open space, where we have a line 
burner against a wall in a channel. This difference in environment is believed to change the 
flame and creates difference in the data. After checking all data points for overshoot, the z/L=0.5 
bound has been changed to z/L=.75. Doing this creates the following graph from the graph 
above. Also, if the z/L=1.0 bound is changed to 1.25, we also see improved results. 
 
Figure 139 - 13.63 CFM Plume Theory Adjusted 
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In the next exercise, we will attempt to adapt the theatrical temperature equation to better fit the 
temperature data. Since the Yuan and Cox formulas were formulated on a line burner in the 
open, and ours is against a wall, we do expect there to be some differences in the outcome 
constants (B and n). One of the largest changes to make is the full flame temperature of the 
flame. Yuan and Cox assume a flame temperature of 898 C while it is clear our flame 
temperature ranges between 700C and 800C for the different heat release rates. This could be 
different because we are using a different fuel for our burner than Yuan and Cox along with a 
different flame environment. Each heat release rate should be modified individually, but we have 
supplied below just one modification to the theory and the graph it produces. 
Table 27 - Plume Theory Constants Adjusted 
Ratio Type of Region B n 
6 ≥
𝑧
𝐿
≥ 1.25 Thermal Plume 9 0 
1.25 ≥
𝑧
𝐿
≥ .75 Intermittent Flame 10 0 
. 75 ≥
𝑧
𝐿
 Continuous Flame 780 1/2 
 
 
Figure 140 - 2-D Plume Theory 
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Looking at the graph above, the temperature and theoretical temperature are very similar. 
Through all the two dimensional plume analysis, we can clearly see a trend in the data that is 
similar to the Yuan and Cox paper. Generally, showing that the trends are similar gives us a good 
approximation that our line fire acts as a two dimensional plume. This is a conclusion we were 
hoping to achieve in our testing.  
After all of the modifications to the theory have been made as described above, the entire 
set of data can be seen below. 
 
Figure 141 - Adjusted Plume Theory Data 
Using the same information listed above, we can graph the NFPA 285 data at the highest 
flow rate and achieve the graph below. 
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Figure 142 - NFPA 285 Comparison 
We can conclude from the study that the trends of all data sets can be related through the 
study of two-dimensional plume theory.  
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